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Abstract

The spin-polarized scanning tunneling microscopy (sp-STM) is demon-
strated between a magnetized STM tip and a magnetic substrate at the
solid/liquid interface under electrochemical conditions at room tempera-
ture. Thereby, sp-STM at the solid/liquid interface is accomplished using
the differential magnetic mode established by Wulfhekel and Kirschner
for investigations at the solid/vacuum interface. The implementation of
the sp-STM setup into the electrochemical STM is an important part
of this thesis. Special attention is paid to the magnetostriction effect of
possible magnetic STM tips. As a model system extended Co islands
are electrochemically grown on an Au(111) single crystal. An appropri-
ate electrochemical environment is required to ensure metal Co islands
on Au(111), since Co deposition occurs at low potentials where hydro-
gen evolution and dissolved oxygen contributes to electrochemical reac-
tions at the substrate. After sample preparation extended Co islands
on Au(111) up to four atomic layers in height are observed with bare
Au(111) areas in between, which is an ideal sample surface for sp-STM
at the solid/liquid interface showing ferromagnetic and diamagnetic ar-
eas. Sp-STM is employed in-situ at the solid/liquid interface to observe
not only sample topography but also sample magnetization of the model
system Co/Au(111) with high spatial resolution.
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Zusammenfassung

Die vorliegende Arbeit beschäftigt sich mit Spin-polarisierter Raster-
Tunnel-Mikroskopie (engl. Abk. sp-STM) an einer magnetischen Pro-
be mittels einer magnetischen Spitze im elektrochemischen Umfeld bei
Raumtemperatur. Für die Realizierung wird dabei sp-STM im differen-
tial magnetic Modus angewendet, der durch Wulfhekel and Kirschner für
Untersuchungen an Proben im Vakuum etabliert wurde. Die Implemen-
tierung eines sp-STM Aufbaus in den bestehenden Aufbau eines STM
für Beobachtungen an der fest/flüssig Grensfläche ist ein essenzieller Be-
standteil dieser Arbeit. Besonderes Augenmerk wird dem Magnetostrik-
tionseffekt potentieller magnetischer STM-Spitzen beigemessen. Als Mo-
delsystem für sp-STM werden ausgedehnte Co Inseln auf einem Au(111)
Einkristall elektrochemisch abgeschieden. Parallel zur Co Abscheidung
treten ebenso Wassersoffentwicklung und elektrochemische Reaktionen
mit gelöstem Sauerstoff am Goldsubstrat auf, da sie ebenfalls bei diesen
Potentialen stattfindet. Um Weiterreaktionen des abgeschiedenen Co zu
verhindern, ist eine geeignete elektrochemische Umgebung notwendig.
Die resultierenden ausgedehnten Co Inseln sind bis zu vier Atomlagen
hoch und separiert durch weite Bereiche unbedeckter Goldoberfläche.
Dadurch wird eine ideale Probenoberfläche für sp-STM im elektroche-
mischen Umfeld prepariert, die ferromagnetische und diamagentische
Bereiche aufweist. Die sp-STM Untersuchungen können nun direkt an
der fest/flüssig Grenzfläche erfolgen, wodurch es ermöglicht wird sowohl
die Topografie als auch die Magnetisierung der Probenoberfläche örtlich
hoch aufgelöst in einer Messung zu untersuchen.
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3.9 STM and CV of Co dissolution . . . . . . . . . . . . . . . . . . . . . 40
3.10 1. CV and 2. CV of Au(111) with CoSO4 in solution . . . . . . . . . 41

4.1 Cosine dependence of the tunneling conductance . . . . . . . . . . . . 46
4.2 Schematic illustration of the anti-/parallel tunneling . . . . . . . . . 47
4.3 Tunneling current in anti-/parallel orientation . . . . . . . . . . . . . 48
4.4 Principle of sp-STM . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.5 Coil of the sp-STM setup . . . . . . . . . . . . . . . . . . . . . . . . . 52

IX



LIST OF FIGURES

4.6 Setup of the sp-STM . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.7 Illustration of the magnetostriction effect . . . . . . . . . . . . . . . . 55
4.8 Saturated magnetostriction . . . . . . . . . . . . . . . . . . . . . . . . 56
4.9 Non-saturated magnetostriction . . . . . . . . . . . . . . . . . . . . . 57
4.10 STM setups for investigation on magnetostriction . . . . . . . . . . . 58
4.11 Sketch of magnetostriction measurement . . . . . . . . . . . . . . . . 59
4.12 Magnetic field strength of the coils . . . . . . . . . . . . . . . . . . . 60
4.13 The magnetic field of the coil . . . . . . . . . . . . . . . . . . . . . . 61
4.14 SQUID measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.15 Magnetostriction measurement of AC20 . . . . . . . . . . . . . . . . . 65
4.16 Magnetostriction measurements of AC20 with increasing magnetic

field strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.17 Magnetostriction measurements of NiAu . . . . . . . . . . . . . . . . 68
4.18 Magnetostriction measurements of Ni . . . . . . . . . . . . . . . . . . 68
4.19 Magnetostriction at high modulation frequency, AC20 . . . . . . . . . 70
4.20 Magnetization of Co bulk and thin Co layers . . . . . . . . . . . . . . 72
4.21 Sp-STM of Co/Au(111) . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.22 Large scale sp-STM of Co/Au(111), topography . . . . . . . . . . . . 75
4.23 Large scale sp-STM of Co/Au(111), ∆Ifmod

sp . . . . . . . . . . . . . . . 76
4.24 Sp-STM control experiment . . . . . . . . . . . . . . . . . . . . . . . 77
4.25 Influence of magnetostriction on sp-STM . . . . . . . . . . . . . . . . 79
4.26 Magnetic susceptibility . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.27 Illustrated origin of I2fmod

sp . . . . . . . . . . . . . . . . . . . . . . . . 82
4.28 Principle of sp-STM at 2fmod . . . . . . . . . . . . . . . . . . . . . . 83
4.29 Sp-STM of Co/Au(111) at (2fmod), topography . . . . . . . . . . . . 84
4.30 Sp-STM of Co/Au(111) at (2fmod), ∆I2fmod

sp . . . . . . . . . . . . . . 85

X



List of Tables

2.1 Standard potentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

4.1 Saturation magnetostriction coefficients, single crystal . . . . . . . . . 54
4.2 Saturation magnetostriction coefficients, polycrystalline materials . . 55
4.3 SQUID measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 64

A.1 List of chemicals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
A.2 List of materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
A.3 List of devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

XI



LIST OF TABLES

XII



Chapter 1

Introduction

Magnetism has fascinated humans since magnetic stones have become known, first
described by Thales of Miletus (about 634-546 BC) [185]. One of the first appli-
cations of such magnetic materials were magnetic compasses used for navigation.
In this way, magnetism has begun to influence our history because of new tech-
nological possibilities [185]. The phenomenon of magnetism was explored by great
scientists such as Gauss, Oersted, Faraday, Maxwell, Bohr and Heisenberg, to name
a few [24, 54, 61, 81, 123, 136]. Nowadays more than ever, advanced magnetic ap-
plications are present in our daily life, particularly with regard to magnetic data
storage.

Especially concerning the cost-efficient manufacture of magnetic devices, elec-
trochemistry offers the opportunity of low-cost and fast mass production. There-
fore, magnetic material can be electrochemically deposited out of an electrolyte
solution by potential shifts, and thus, ultrathin magnetic films can be fabricated
[109, 162, 163]. The layer of the deposited material can vary considerably in its
topology in dependence of parameters such as temperature, the actual deposition
potential, the total deposition time and the kind of the solid surface where to deposit
on. The resulting magnetic properties are strongly correlated to the growth process
of the layer [28, 30, 97]. Therefore, a possibility to investigate magnetic properties
of the deposited material in-situ at the solid/liquid interface is highly appreciated.

Available in-situ techniques such as magneto-optical Kerr effect measurements
[2, 146, 161, 162] or alternating gradient field magnetometry [5, 33, 73] are methods
integrating over a certain surface area. These methods are not sufficient enough to
enable highly localized investigations of the magnetization depending on the topol-
ogy.

For ex-situ investigations on the magnetic properties out of the electrochemical
environment, a protecting layer on top is utilized, electrochemically deposited in a
second step. This additional interface between the magnetic layer and protective
layer influences the observed magnetic properties [28, 34, 38, 55, 184], and therefore,
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1. INTRODUCTION

the magnetic properties caused by the system magnetic layer/substrate itself can not
be investigated directly.

A powerful tool to investigate surfaces is given by scanning probe microscopy.
Thereby, the surface of a solid sample can be probed down to atomic resolution by
means of a small tip. Investigations by atomic force microscopy (AFM) and scanning
tunneling microscopy (STM) are of particular relevance and widely applied. STM
was first realized by Binnig and Rohrer in 1981 [15, 16, 17, 18, 19] and in 1986 this
pioneering development was honored with the Nobel Prize, shared with Ruska for
the development of the electron microscope [154, 155, 156]. With modified STMs
not only the topology of a surface can be investigated, but also the magnetism of
magnetic samples [23, 199, 203]. Since this effect is caused by the spin-polarization,
this kind of investigation is called spin-polarized scanning tunneling microscopy (sp-
STM).

STM was not only accomplished in vacuum or air, but also at the solid/liquid
interface [63]. On the one hand, this offers the opportunity to investigate processes
at this interface by electrochemical methods [62, 179]. On the to other hand, the
resulting surface can be probed additionally by STM in-situ [51, 88, 108, 120]. Fur-
thermore, STM at the solid/liquid interface can be used to fabricate nanostructures
by electrochemical deposition induced by the electric field of the tip [96] or potential
pulsing of the tip near the surface [164, 165, 166, 167].

As a logical consequence of STM advanced at the solid/liquid interface and the
sp-STM, a combination of both techniques, the sp-STM at the solid/liquid interface,
would be a suitable tool to investigate the magnetic properties of a magnetic surface
in an electrochemical environment in-situ.

The subject of this thesis is a combination of the three topics introduced above:
Electrochemistry, scanning probe microscopy and investigations on magnetic prop-
erties. This thematic triangle is illustrated in Figure 1.1 by three overlapping circles.
Thereby, the overlaps symbolize combinations of these topics and the arrow reflects
the thematic structure of the thesis. The overlap of all three topics is the central
topic of the thesis: investigations on sample magnetization at the solid/liquid in-
terface by spin-polarized scanning tunneling microscopy. This work is structured
straight on in accordance to the topic interaction. Each chapter consists of a theo-
retical approach, a detailed description of the setup in use, resulting measurements
and their interpretation, ending with conclusions.

As a model system for sp-STM at the solid/liquid interface, ferromagnetic Co is
electrochemically deposited on a non-ferromagnetic Au(111) substrate.

Starting from electrochemistry, the electrochemical setup and further sample
preparation are discussed in Chapter 2. Initially, electrochemical investigations on
the Au(111) single crystal in use demonstrate the deaeration of the electrolyte and
cleanliness of the electrochemical environment.

2
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Chapter 2

Chapter 3
Chapter 4

Figure 1.1: Thematic triangle of this
thesis: blue circle - electrochemistry
(EC), yellow circle - scanning probe
microscopy (SPM), and red circle
- investigations on the magnetization
(IM). The overlaps symbolize com-
bined methods - the center represents
sp-STM at the solid/liquid interface.
The arrow reflects the structure of the

thesis.

Further, the model system Co/Au(111) is electrochemically prepared and investi-
gated by electrochemical methods. Co deposition and its remaining on the Au(111)
surface occurs in a potential range where hydrogen evolution arises as well. With
regard to ensure a metal Co/Au(111) surface for further investigations by STM, the
influence of this parasitic reaction on the sample preparation is discussed addition-
ally.

The STM investigations on Co/Au(111) at the solid/liquid interface are pre-
sented in Chapter 3. In the beginning, the setup in use is introduced as well as
the preparation of the STM tips. The performance of the electrochemical STM
(ec-STM) is demonstrated by observation of the

√
3 × 22 reconstructed Au(111)

surface.
After the Co deposition, the topology of the model system is investigated by ec-
STM. Furthermore, the ec-STM setup offers the possibility for monitoring Co depo-
sition/dissolution in-situ. Thereby, the formation of a Co-Au alloy at the Au(111)
surface is observed independently by ec-STM and electrochemical methods.

The implementation of a sp-STM setup is discussed in Chapter 4. Sp-STM
at the solid/liquid interface is realized by use of the differential magnetic mode,
which was established by Wulfhekel and Kirschner for applications inside an UHV
apparatus [202]. Initially, the magnetic properties of various magnetic tip materials
are investigated by SQUID. Especially the magnetostriction effect is supplementary
investigated by adapted STM setups. Finally, it is demonstrated that sp-STM is
accomplished at the solid/liquid interface. Using the model system Co/Au(111),
this technique allows to map out-of plane magnetization. Additional effects caused
by the sp-STM setup are named and discussed at the end.

The last Chapter 5 summarizes the presented results and addresses open ques-
tions as well as future perspectives.
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1. INTRODUCTION
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Chapter 2

Electrochemistry

The scanning tunneling microscopy (STM) experiments
that are subsequently presented in this thesis were per-
formed in an electrochemical environment at room tem-
perature. An interface between liquid solvent and solid
substrate is investigated, thus constituting a liquid-solid
interface situated in an electrochemical cell [115, 177, 196].
By ensuring very clean experimental conditions during
measurement, the tunneling conditions at the solid/liquid
interface are similar to those formed under ultra-high vac-
uum (UHV) conditions [160, 161, 162]. In addition, elec-

trochemistry offers an elegant possibility of both metal deposition and dissolution
on a substrate without any heating or sputtering steps.

In Section 2.1 some general theoretical aspects of electrochemistry such as metal
deposition/dissolution and the solid/liquid interface are briefly treated. The elec-
trochemical setup in use is detailed in Section 2.2. Thereby, the deaeration as well
as the purity of the electrolyte solution are monitored by use of cyclic voltamme-
try [62], which is an important tool in electrochemistry. The sample preparation
of electrochemically deposited Co on Au(111) is discussed in Section 2.4. Since Co
deposition takes place at low potentials where hydrogen evolution arises, an increas-
ing pH-value precedes the formation of cobalt hydroxide complexes. Corresponding
electrochemical investigations are shown, and further, the supporting electrolyte is
modified to avoid cobalt hydroxide complexes.

5



2. ELECTROCHEMISTRY

2.1 Electrochemistry - Theoretical Approach

An electrochemical cell consists of a substrate acting as the working electrode (WE),
a reference electrode (RE), and a counter electrode (CE), all placed within a sup-
porting electrolyte. Thereby, the potential of the working electrode EWE is adjusted
with respect to the reference electrode 1.

For investigations of deposited metal on the substrate, a solution of interest is
added to the electrolyte such as solvated metal sulfates M z+

(aq) and SO2−
4 (aq). Since

the supporting electrolyte should conform to the admixture of interest, for metal
sulfates the electrolyte should be an aqueous solution of sulfuric acid (H2SO4) or
sodium sulfate (Na2SO4).

Metal deposition out of this electrochemical solution is the subject of discussion
in the first section. Following, a short approach of the solid/liquid interface is given.
A more detailed introduction to electrochemistry can be found in numerous books
and publications, for example [78, 171].

2.1.1 Metal Deposition

The reduction reaction of solvated metal cations M z+
(aq) at the working electrode

occurs for a potential of the working electrode EWE more negative with respect to a
certain red/ox potential E(Me/M z+). Thereby, the metal cations M z+ in solution
adsorb onto the surface of the working electrode and discharge, as illustrated in Fig-
ure 2.1. Following adsorption, the adatoms diffuse on the surface and preferentially
attach to defects, step edges or engage in cluster formation. The reversed process,
the oxidation reaction of the deposited metal M , occurs subsequently at a potential
more positive than E(Me/M z+),

M z+ + ze− �M. (2.1)

Figure 2.1: Deposition of solvated
cations (1) on a metal surface and the
reverse dissolution (2). Adatoms can
diffuse on the surface until they are
attached (3) to a defect such as step
edges or already existing deposited

metal clusters.

z+

1

z+

2

3

1The electrochemical red/ox reaction at the reference electrode defines the zero potential of
the electrochemical setup by its standard potential E00(red/ox).
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2.1 Electrochemistry - Theoretical Approach

Deposition and dissolution of each red/ox couple M/M z+ occurs at the respective
standard potential E0(M/M z+), defined for a concentration c = 1 mol l−1 = 1 M in
the aqueous solution.

The correlation between any concentration cox in solution and the deposition/dis-
solution potential for each red/ox reaction is described by the Nernst equation of
the electrode potential [134]

E0(red/ox) = E00(red/ox) +
RT

zF
· ln
(
aox
ared

)
(2.2)

depending on the standard potential of the red/ox couple E00(red/ox) and the ac-
tivity of each of the reactants aox and ared, where ai = ci · γi depends on the
concentration ci of reactant i = ox, red and its activity coefficient γi. Since the
activity aM of the pure metal is set to be 1 and the activity coefficient of a highly
diluted solution γi ≈ 1, the Nernst equation for M/M z+ can be written as

E0(M/M z+) = E00(M/M z+) +
0.0256 V

z
· ln (cMz+) , (2.3)

for T = 298 K, R = 8.32 J K−1 mol−1, F = 96 485.34 C mol−1 and
aMz+

aM
= cMz+ .

In Table 2.1 standard potentials E00 for some red/ox reactions are exemplarily
listed. For historical reasons all standard potentials are quoted with respect to the
standard hydrogen electrode (SHE), which is defined as E00(H/H+) = 0 V.

red/ox couple E00 vs SHE

O2 + 4 H+ / 2 H2O 1.229 V
Cu2+ / Cu 0.342 V

Hg2Cl2 / 2 Hg + 2 Cl− (SCE) 0.241 V
2 H+ / H2 (SHE) 0.000 V
Ni2+ / Ni −0.257 V
Co2+ / Co −0.277 V
Fe2+ / Fe −0.447 V

2 H2O / H2 + 2 OH− −0.828 V

Table 2.1: Standard potentials E00(red/ox) for c = 1 M in solution [8, 25, 78]. Electro-
chemical potentials are often quoted versus the saturated calomel electrode (SCE) or

the standard hydrogen electrode (SHE).

Thus, the calculated Nernst potential E0(Co/Co2+) for a 1 mM cobalt(II) sulfate
(CoSO4) solution can be calculated to be

E0(Co/Co2+) = −0.277 V + 0.0128 V · ln(10−3) (2.4)

= −0.365 Vvs SHE

7



2. ELECTROCHEMISTRY

Specific metal bulk deposition/dissolution onto the substrate can be accom-
plished by adjusting the potential of the working electrode (substrate) EWE to values
below/above the Nernst potential of the red/ox couple of interest E0(M/M z+):

metal deposition : EWE < E0(M/M z+)

metal dissolution : EWE > E0(M/M z+).

For some combinations of metal red/ox couple and metal substrate, an elec-
trochemical deposition occurs on the substrate at a more positive potential with
respect to the expected Nernst potential E0(M/M z+) [32, 186]. Therefore, it is
called underpotential deposition (UPD), since the cathodic potential EWE is below
E0(M/M z+). However, when UPD occurs, only one monolayer, in special cases two
monolayers [32], of the deposited metal is grown on the substrate, in contrast to the
above mentioned metal bulk deposition which is also called overpotential deposition
(OPD). After an UPD, further (bulk) deposition occurs at a more negative potential
with respect to the expected Nernst potential E0(M/M z+).

2.1.2 The Solid/Liquid Interface

At the interface between the metallic working electrode and the electrolyte a region
is formed where electron and ion transfer take place [9, 78, 106]. This is illustrated
in Figure 2.2, where the metallic working electrode at the solid/liquid interface is
negatively charged (cathode), and thus a space charge region at the metal surface
entails. Cations are adsorbed out of solution next to the metal surface compensating
the charge at the metal surface. Thereby, a layer at the interface is formed by the
metal space charge region on the one side and adsorbed ions on the other. By
changing the metal potential to be positively charged with respect to the solution
anions are adsorbed.

In a simplistic approach this interface between a metal bulk and an electrolyte
bulk is comparable to a capacitor and was named double-layer by Helmholtz in 1853
[82, 83, 84]. Gouy and Chapman theoretically described the solid/liquid interface
as a diffuse double-layer (DL) caused by thermal motion [37, 67, 68].

Both models were combined by Stern to the Gouy-Chapman-Stern model in 1924
[182] and later modified by Grahame [70] and Bockris et al. [22]. Thus, the interface
on the electrolyte side is divided into three regions which are illustrated in Figure 2.2.
The region ranging from the metal surface to the center of specifically adsorbed ions
(here cations) is called the inner Helmholtz plane (I). Specifically adsorbed ions
partially or totally lost their hydration shell and are in direct contact to the metal
electrode. The outer Helmholtz plane (II) reaches to the center of still solvated
ions, which are non-specifically adsorbed. While the inner Helmholtz plane (I) is a
compact layer, the solvated cations of the outer Helmholtz (II) plane spread into the
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DL

Metal Electrolyte

I II

b

c

d

c

a
δ+ -δ

Bulkme

Figure 2.2: Solid/liquid interface model
between a negatively polarized metal
electrode and the electrolyte with (a)
solvent molecules (water), where (b)
anions and (c) cations are fully sol-
vated [87]. The region ranging from
the metal surface to the center of (d)
specifically adsorbed cations is called
the inner Helmholtz plane (I), whereas
the outer Helmholtz plane (II) reaches
to the center of (c) solvated cations.
The diffuse layer (DL) is caused by
thermal motion of the ions. [9, 78, 106]

electrolyte caused by thermal motion. Thus, next to the Helmholtz layer (HL=I+II)
a diffuse layer (DL) is formed extending into the electrolyte. Its thickness depends
on the concentration of the ions in the electrolyte. To keep the extension of the
diffuse layer low the electrolyte solution consists mainly of supporting electrolyte,
which does not participate in any desired reactions, for example CoSO4 diluted in
a supporting solution of Na2SO4.

Metal

Bulkme Bulkelyt

Electrolyte

∝ exp[-c⋅(x-x )]2∝ x

DL

P
o
te

n
tia

l E

Distance x

HL

Eelyt

Eme

c1

c > 2 c1

Figure 2.3: According to the Gouy-
Chapman-Stern model a potential
profile perpendicular to the electrode
is divided into the compact Helmholtz-
layer (HL) followed by a diffuse layer
(DL). In the HL the potential in-
creases linearly and converges expo-
nentially in the DL to the potential
value of the electrolyte depending on
the electrolyte bulk concentration c.

The potential profile depending on the distance perpendicular to the metal sur-
face is illustrated in Figure 2.3. The total capacitance of the double-layer is given
in an equivalent electric circuit of two capacitors in series. According to the Gouy-
Chapman-Stern model the profile from the potential of the metal bulk (Eme) to
the potential of the electrolyte bulk (Eelyt, far away from the working electrode) is
divided into two regions: the compact Helmholtz-layer (HL) followed by the diffuse
layer (DL). In the Helmholtz-layer the potential increases linearly until the diffuse
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2. ELECTROCHEMISTRY

layer is reached, where an exponential convergence to the electrolyte potential value
occurs. Since the exponential behavior depends on the concentration c of the elec-
trolyte bulk (concentration far away from the working electrode), the extension of
the DL is lower for higher concentrations.

2.2 Electrochemical Setup

All components of the electrochemical cell are made of Duran glass or Teflon. Before
and after use all components are stored in a 1:1-solution of hydrogen peroxide (H2O2,
35 %) and sulfuric acid (H2SO4, 95-97 %), known as Caro’s acid. Thereby, organic
contaminants, metallic oxides, and salts are removed from all components of the
cell. The cleanliness of the cell is ensured through the use of triple distilled water
for washing. All diluted solutions are prepared with triple distilled water and pure
chemicals (see appendix A).

a b

WEtip

electrolyte

WEsub

RE

CE

Bi-Pot

WEtip

CE

RE

WEsub

WEtip

1 2

4

5

3

RE

CE

6

WEsub

electrolyte

Figure 2.4: (a) Schematic of the electrochemical cell: Working electrodes are given by
the STM tip (WEtip) and the investigated substrate (WEsub). The reference electrode
(RE) is embedded near both working electrodes using a Luggin capillary. Via the
counter electrode (CE) the current to adjust the potentials is given. A bipotentiostat
(Bi-Pot) is used to control all potentials. (b) Section view of the electrochemical cell
with a second deaeration column (1). Highlighted are the Luggin capillary (2), the
porous frit (3), the airlock (4), the holder of the substrate (5), and the STM scanner
unit (6). A magnetic stir bar is used to mix the electrolyte solution during deaeration.

The STM tip and the investigated substrate are positioned in the electrochemical
cell and both act independently from each other as working electrodes, WEtip and
WEsub. Therefore, a setup of an electrochemical cell with four electrodes is required,
as illustrated in Figure 2.4(a). The potentials of both working electrodes WEtip and
WEsub are controlled independently by a bipotentiostat 1 [86]. Since the substrate

1BP-700 from EC-Tec
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2.3 Characterization

is the main focus of the electrochemical investigation, it is commonly referred to as
working electrode WE. A platinum wire acts as a counter electrode (CE ) to provide
the required current. A saturated calomel electrode (SCE) 1 is used as a reference
electrode (RE ) placed near the working electrodes using a Luggin capillary.

According to calibration measurements of this reference electrode, the potential
of the used SCE appears to be 0.331 V vs SHE instead of 0.241 V vs SHE. Re-
turning to the example for the Nernst potential of a 1 mM CoSO4 solution from
Equation (2.5) the Nernst potential vs SCE in this case is

E0,SCE(Co/Co2+) = E0,SHE(Co/Co2+)− E00(calomel)

= −0.696 Vvs SCE (2.5)

Although a SCE is used in this electrochemical setup, all results are quoted with
respect to SHE. Thereby, observations can be compared to values in literature such
as standard potentials. Since E00(calomel) > E00(H2/2H

+) all measured potentials
vs SCE are shifted into the negative potential range compared to quotation vs SHE.

The electrochemical cell in use is airtight and contains approximately 450 ml of
the electrolyte solution. The oxygen is removed in-situ from the electrolyte and
cell by deaeration with 5 N argon gas prior to each experiment. As illustrated in
Figure 2.4(b) the argon gas passes through a porous frit (2), which acts as an inlet
into the electrolyte, ascending through a second column of the cell (deaeration col-
umn). The displaced air/oxygen leaves the cell via an airlock (3). Using a magnetic
stirrer the electrolyte solution in the cell is deaerated within 45 min. The airtight
seal ensures an electrochemical setup remaining deaerated during the following mea-
surements, even after the magnetic stirrer is turned off [94].

2.3 Characterization

This home-built electrochemical setup [92, 94, 160] is developed further adding the
deaeration column. Its performance is demonstrated in this section by cyclic voltam-
metry which is a powerful tool to investigate electrochemical reactions at the working
electrode [9, 180], initially introduced showing measured UPD of Cu on Au(111) as
an example. Resulting cyclic voltammograms (CVs) of Au(111) in a supporting elec-
trolyte solution can be used to monitor quality and cleanliness of the electrochemical
setup.

The Au(111) single crystal in use is always stored and cleaned in a bath of
Caro’s acid, to keep it free of contamination. Prior to each experiment a

√
3 × 22

reconstructed Au(111) surface is prepared by annealing the Au(111) single crystal in
a hydrogen flame and subsequently cooling down in a nitrogen atmosphere [104, 105].

1The red/ox couple of a saturated calomel electrode is Hg2Cl2 + 2e− 
 2Hg + 2Cl− and its
standard potential E0(calomel) is 0.241 V vs SHE.
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2.3.1 Cyclic Voltammetry
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Figure 2.5: Example for cyclic voltammetry: UPD of Cu on Au(111) (a) Potential
sweep of the working electrode EWE with dEWE

dt = 10 mV s−1 in cathodic direction
and reversed. (b) The corresponding current at the working electrode is measured in
parallel and depends on electrochemical reactions. (c) Plotting the current density
j versus the potential EWE results in the cyclic voltammogram (CV) of Au(111) in
a solution of 1 mM CuSO4. The expected UPD of Cu on Au(111) starts at about
670 mV observed in two steps by the deposition peaks A and B. The corresponding
dissolution is observable in the anodic current density around B’ and A’ for the anodic

potential.

Cyclic voltammetry to observe a red/ox reaction is accomplished by sweeping
the potential of the working electrode EWE through more negative (cathodic) and
subsequently more positive (anodic) regions with respect to the specific Nernst po-
tential E0(red/ox) at a fixed sweep rate dEWE

dt
. Thereby, cathodic and anodic cur-

rents caused by all electrochemical reactions at the working electrode are measured.
Plotting the current density j = current

surface area
versus the potential EWE for both sweep

direction results in the so called cyclic voltammogram (CV).

An example is given by a CV of Cu deposition/dissolution onto Au(111), plotted
in Figure 2.5. The electrochemical behavior of the combination Cu/Au(111) is well
known [12, 74, 89, 119]. Since Cu/Au(111) shows UPD, Cu deposition on Au(111)
starts at a more positive potential of the Au(111) working electrode EWE than
expected by the calculated Nernst potential E0(Cu/Cu2+) = 253 mV vs SHE of
a 1 mM copper sulfate (CuSO4) solution. The supporting electrolyte solution is
composed of 50 mM sodium sulfate (Na2SO4) and 0.1 mM sulfuric acid (H2SO4).
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2.3 Characterization

The potential sweep rate dEWE

dt
is set to 10 mV s−1, as plotted versus time in

Figure 2.5(a). For one CV a circle sweep in downward and upward direction is
required to investigate Cu deposition and subsequent Cu dissolution. Thereby, the
corresponding cathodic/anodic current at the Au(111) working electrode caused by
Cu deposition/dissolution is measured, as shown in Figure 2.5(b). The resulting
CV, which is shown in Figure 2.5(c), indicates two cathodic peaks A and B in the
downwards sweep (decreasing potential) and their related anodic peaks A’ and B’
in the upwards sweep (increasing potential).

The observed behavior can be attributed to the UPD of Cu on Au(111), where
an initial monolayer of Cu is already deposited before the bulk deposition of Cu
on Au(111) occurs. The observed Cu UPD starts roughly at 670 mV, which results
in an increasing cathodic current density. The Cu deposition takes place in two
steps around EWE = 534 mV (A) and around EWE = 360 mV (B), displayed by
the peaks A and B of the cathodic current density. At EWE ≈ 330 mV the cathodic
current density decreases again, since the initial Cu monolayer is completed before
the Cu OPD starts.

At around 205 mV (A) the deposited Cu is arranged on Au(111) in a (
√

3 ×√
3)R30◦ structured layer which is completed with decreasing potential, thus the

cathodic current density decreases again and the cathodic peak A is observed. Since
a phase transition of the deposited Cu on the Au(111) surface from a (

√
3×
√

3)R30◦

structure to a closer packed (1 × 1) structure occurs around 360 mV, additionally
deposited Cu leads to an increasing current density until the (1 × 1) structure is
completely formed. Both corresponding Cu dissolution peaks are found in the anodic
current density around EWE = 433 mV (B’) and EWE = 555 mV (A’), where the
phase transformation is measured accordingly.

Therefore, using a CV to investigate a metal red/ox reaction on a working elec-
trode, an increasing cathodic current density represents the metal reduction (depo-
sition). Subsequently, the related increasing anodic current density represents the
metal dissolution.

The observed deposition/dissolution peaks for a Cu monolayer on Au(111) in
the range of 30 µA cm−2 to 80 µA cm−2 can easily be investigated by cyclic voltam-
metry. This accentuates the level of sensitivity of this electrochemical method and
its advantage for further electrochemical investigations.

2.3.2 Deaeration of the Electrolyte

In all aqueous solutions the potential range is limited by the hydrogen evolution at
negative potentials and by oxygen evolution at positive potentials [108, 143] which
are observed by cathodic/anodic increases of the current density at these potentials.
This behavior is unavoidable and occurs in all aqueous solutions.

Additionally, oxygen is dissolved in all aqueous solutions [101] [110], and is thus
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Figure 2.6: CVs of Au(111), dEWE
dt = 10 mV s−1: (a) Deaeration of the supporting elec-

trolyte is demonstrated by comparing CVs of Au(111) in 0.1 M Na2SO4 with 0.5 mM
H2SO4 before and after deaeration. The CV in a deaerated electrolyte (black) shows
only an increase of the cathodic current density with decreasing potential, caused by
hydrogen evolution (B). Compared to this, a CV in a non-deaerated electrolyte (gray)
shows, that dissolved oxygen causes higher current densities (A) in the potential range
below 500 mV. (b) Using a logarithmic scale the difference between a deaerated and
a non-deaerated electrolyte becomes obvious. A non-deaerated supporting electrolyte
of 0.1 M H2SO4 (dashed) instead of Na2SO4 (solid) causes a much stronger hydrogen

evolution.

also observed in CVs of a non-deaerated aqueous electrolyte. An example of such
an aqueous solution with dissolved oxygen is shown in Figure 2.6(a) by the CV
of Au(111) (gray line). There, the reduction of O2 to H2O2 and H2O causes an
increase of the cathodic current density (around mark A) in the negative potential
range starting from 500 mV [8]. However, since the deposition of ferromagnetic
metals such as Co, Fe, and Ni takes place in this potential range (see Table 2.1)
any parasitic and undesired reactions have to be avoided. Investigations on such
electrochemically deposited metals can be accomplished only after a deaeration of
the aqueous solution.

Deaeration is accomplished in-situ with 5 N argon gas for 45 min prior to all
measurements [208] using the magnetic stirrer. This treatment causes a decrease
of oxygen within and above the electrolyte. Thereby, related undesired reactions
decrease, which is made obvious in Figure 2.6(a) by the CV of Au(111) subsequent
to the deaeration (black line). Displaying the current density on a logarithmic
scale such as in Figure 2.6(b), is commonly known as a Tafel plot and facilitates
the observation of small and large currents alike. This presentation highlights the
difference between a deaerated and a non-deaerated electrolyte.

Special attention is given to the hydrogen evolution. Two CVs of Au(111) in a
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supporting solution of 0.1 M Na2SO4 with 0.5 mM H2SO4 (solid line) or 0.1 M H2SO4

(dashed line) are shown in Figure 2.6(b). Caused by the higher concentration of H+

cations in solution, a much stronger hydrogen evolution occurs at the working elec-
trode. Nevertheless, this behavior can be strongly reduced by using 0.1 M Na2SO4

as supporting electrolyte.

2.3.3 Cleanliness of the Electrochemical Environment

The cleanliness of the electrochemical environment can be demonstrated simply by
a CV of a freshly prepared Au(111) surface in a supporting electrolyte of 0.1 M
Na2SO4 and 0.5 mM H2SO4, as plotted in Figure 2.7.
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Figure 2.7: Cleanliness of the electrochemical cell is demonstrated by CVs of Au(111)
in a deaerated electrolyte of 0.1 M Na2SO4 and 0.5 mM H2SO4 for various sweep rates
dEWE
dt . In the higher potential range only the expected adsorption (A)/desorption (A’)

of SO2−
4 anions on the Au(111) surface is observed. A phase transition of the adsorbed

anions from a disordered and mobile structure to an ordered adlayer causes peak B to
arise [43, 51, 104, 117, 120]. Inevitably, hydrogen evolution arises at low potentials,

reflected by a steep increase of the cathodic current density.

A contamination of the electrochemical environment can be observed by this
highly sensitive measurement. Therefore, the CV is measured between −850 mV
and 900 mV to investigate the full potential range in an aqueous electrolyte. Several
CVs are recorded for various sweep rates (10 mV s−1, 20 mV s−1, 50 mV s−1 and
100 mV s−1) to observe all kinds of electrochemical reactions, even if only small
amounts of contamination are involved.

By the CVs two peaks (A and B) are observed in the positive potential range
of the anodic current densities. These correspond to a SO2−

4 anion induced lifting
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of the
√

3× 22 surface reconstruction of the Au(111) single crystal to a 1× 1 close-
packed Au(111) surface (peak A) [43, 51, 104, 117, 120]. Peak B represented the
transformation from a disordered sulfate adlayer to an ordered

√
3 ×
√

7 structure
on the 1× 1 Au(111) surface. The lifting of the sulfate adlayer and rearrangement
of the

√
3× 22 reconstructed Au(111) surface are observed at the cathodic peaks B’

and A’.

Figure 2.8: A logarithmic presentation
of the CVs, similar to the one shown in
Figure 2.7. Small increases/decreases
can be noticed in the cathodic current
density jcat. The desorption of the
SO2−

4 anions and the rearrangement of
the
√

3× 22 Au(111) reconstruction is
observed by peak B’ and A’, respec-
tively. Hydrogen evolution can be lin-
early fitted (dashed line). Even using
this kind of presentation no apprecia-

ble contamination is observed.
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In order to better observe smaller values of the current density a Tafel plot is
used for the CVs of Au(111) for various sweep rates, as shown in Figure 2.8. Besides
the desorption of the SO2−

4 anions and the rearrangement of the
√

3 × 22 Au(111)
the increase caused by hydrogen evolution is observed and can be linearly fitted.
For increasing sweep rates dEWE

dt
a higher cathodic current density arises since the

charge passed must remain constant [210].
No additional increase of the current density is observed due to the absence of

noteworthy impurities. Thus, it is clearly shown that no appreciable concentrations
of contaminants are found within the electrochemical environment.

2.4 Deposition of Co on Au(111)

The electrochemical Co deposition on an Au(111) single crystal is discussed in the
following section. Only OPD is expected for Co deposition on Au(111) in a support-
ing electrolyte of sodium sulfate (Na2SO4) and sulfuric acid (H2SO4), as opposed
to Cu deposition on Au(111). Furthermore, hydrogen evolution takes place at the
working electrode caused by the low Nernst potential of E0(Co/Co2+) = −365 mV
for a 1 mM cobalt sulfate (CoSO4) solution. In order to prevent this competing
reaction, hydrogen evolution is minimized by use of 0.1 M sodium sulfate (Na2SO4)
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2.4 Deposition of Co on Au(111)

as supporting electrolyte solution instead of 0.1 M sulfuric acid (H2SO4). All CVs
shown in the previous Sections 2.3.2 and 2.3.3 were realized already for such an
aqueous solution.

In Pourbaix diagrams equilibrium potentials of various oxidation states of an
element are plotted versus pH-value. Thereby, it is shown for the Co/H2O system,
that red/ox reactions of Co compounds are influenced by the pH-value of the aqueous
solution [59, 122, 147].
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Figure 2.9: Pourbaix diagram for the
Co/H2O system where the Nernst po-
tentials for stable phases are plotted
vs pH-value. The dashed lines a and b
show the stability limits of water. In
the alkaline range the formation of Co

hydroxide complexes occurs.
From Garcia et al. [59] with modifica-

tions.

Thus, before the deposition of Co on Au(111) is discussed in detail, in the follow-
ing some electrochemical investigations are presented regarding the concentration of
H+ cations at the working electrode, and thus, the local pH-value.

2.4.1 Shift of pH-value

In general the mass transport of reactants in an electrolyte solution, for example
H+ or Co2+ cations, is driven by diffusion (movement against the concentration
gradient), migration (movement of charged ions in an electric field), and convection
(movement caused by density gradients or stirring). The flux of a reactant in one
dimension is expressed by the Nernst-Planck equation [210]:

J(x) = −DδC(x)

δx
− zF

RT
DC

δφ(x)

δx
+ Cv(x) (2.6)

z : charge
D : diffusion coefficient of the reactant in solution
C∗ : concentration of the reactant in solution

v(x) : movement of a volume element in solution
δC(x)
δx

: concentration gradient
δφ(x)
δx

: potential gradient
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For a diffusion controlled movement the relation between the current density j
and the concentration of the reactant in solution C∗ is given by the Cottrell equation
[210]

j(t) =
nFC∗

√
D√

π
· 1√

t
= a · 1√

t
. (2.7)

By plotting the transient density current versus the variable 1√
t

the current density

can be fitted linearly, where the slope a of this linear fit is equal to the factor nFC∗√D√
π

.
Therefore, the diffusion coefficient D of the reactant is

D =
a2π

(nFC∗)2
. (2.8)

The concentration C∗ of the reactant in solution has to be known precisely in order
to specify the diffusion coefficient D.

Diffusion of H+ cations at the Au(111) working electrode WE is experimentally
demonstrated by the observed transient of the current density for various electrolyte
solutions, as shown in Figure 2.10. Thereby, at the working electrode a potential
sweep to EWE = −480 mV is adjusted, below the Nernst potential of Co/Co2+,
as shown in Figure 2.10(a). The corresponding current density is plotted in Fig-
ure 2.10(b). During these electrochemical measurements the electrolyte solution is
not stirred, since the diffusion coefficient D is being investigated. Additionally, this
kind of potential sweep is similar to later performed sample preparation during STM
investigations when stirring of the electrolyte is not possible as well.

Experiments are performed with various electrolyte solutions I, II, and III:

solution I: 0.1 M Na2SO4

solution II: 0.1 M Na2SO4 + 0.5 mM H2SO4

solution III: 0.1 M Na2SO4 + 0.5 mM H2SO4 + 1 mM CoSO4

Solution I contains 0.1 M Na2SO4 as supporting electrolyte, whereas in solution II
0.5 mM H2SO4 is added, leading to pH ≈ 3. Both solutions (I and II) show a
decreasing current density over time after reaching the final potential, marked by
the gray background. But the higher H+ cation concentration in solution II causes
a stronger hydrogen evolution and accordingly a larger current density throughout
the entire measurement.

In addition, a third solution (III) is investigated containing 0.1 M Na2SO4,
0.5 mM H2SO4 and 1 mM CoSO4. Initially, almost the same hydrogen evolution
is measured in solutions II and III demonstrated by the transient of the current
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Figure 2.10: Investigation of the diffusion coefficient DH+ (a) Potential sweep with
dEWE
dt = 10 mV s−1 towards EWE = −480 mV. Such a potential sweeps is similar to

later performed Co deposition during STM measurements. (b) The corresponding cur-
rent density j(t) is measured for various solutions I: Na2SO4 (supporting electrolyte),
II: I+H2SO4 (supporting electrolyte with pH ≈ 3), III: II+CoSO4 (containing Co2+).
Decreasing current densities indicate a decreasing hydrogen evolution for solutions I
and II. A higher hydrogen evolution is measured in solution II due to pH ≈ 3. The
competing hydrogen evolution during Co deposition is observed in solution III by the
delayed peak (black arrow). (c) The slope ax of a linear fit can be used to calculate

the diffusion coefficient DH+ for solution x = I, II.

densities. For solution III, the Co deposition is presented by the cathodic peak of
the current density. As a guide to the eye, the onset of the Co deposition is marked
by the black arrow in Figure 2.10(b). It takes some seconds until the Co deposition
starts, since the hydrogen reduction acts as a competing reaction at the working
electrode and therefore hinders the Co deposition [141]. Therefore, the Co deposi-
tion is delayed. Since Co acts as chemical catalyst for hydrogen evolution [114, 141],
the cathodic current density measured for solution III is not just attributed to the
Co deposition, but also to a stronger hydrogen evolution. The further decrease in
current density reveals a depletion at the working electrode of both Co2+ and H+

cations caused by their low concentration. The crossing between the current den-
sities of solution II and III seems to result from the catalyzed hydrogen evolution.
Thereby, a depletion of H+ cations arises faster.
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The transient of each current density j( 1√
t
) is plotted in Figure 2.10(c). The

linear behavior at higher time-values demonstrates the diffusion controlled response
of the current density, as shown in Equation 2.8. Thereby, the diffusion coefficient
DH+ in solution I can be estimated to be 7.5 · 10−5 cm2 s−1. This observed value is
comparable with values in literature [116, 210].

Since the mass transport of the H+ cations is diffusion controlled, a depletion of
them at the Au(111) working electrode is observed, as reflected in the decreasing
hydrogen evolution over time (Figure 2.10b). The H+ cations depletion and thus
an increasing pH-value is especially important for the desired deposition of Co on
Au(111). A concentration profile of the H+ cations in solution with increasing
distance x from the planar Au(111) working electrode WE and depending on the
time is given by

CH+(x, t) = C∗H+

[
1− erfc(

x

2
√
Dt

)

]
, (2.9)

[210]. Some calculated concentration profiles CH+(x, t) normalized to the adjusted
concentration C∗H+ are plotted in Figure 2.11(a) for various time values by use of the
estimated diffusion coefficient DH+ = 7.5 · 10−5 cm2 s−1. The concentration profiles
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Figure 2.11: (a) Normalized concentration profiles C(x,t)
C∗ = [1 − erfc( x

2
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Dt

)] are

calculated for various time values t, using DH+ = 7.5 · 10−5 cm2 s−1, see Equa-
tion (2.9). (b) Calculated pH-value depending on time −log(CH+(t, x = 0.5 µm))
using DH+ = 7.5 · 10−5 cm2 s−1. Over time, in solution I (C∗H+ ≈ 0.01 mM) the pH-
value increases from the acidic range to the alkaline range until the diffusion of H+

cations from the solution is in balance. In solution II C∗H+ is supposed to be 1 mM,
and thus the pH-value is significantly shifted towards the acidic range.

change depending on the distance x perpendicular to the working electrode until
the bulk concentration of the solution is reached (C/C∗ = 1). Regarding the
changing profiles of various time values, it is shown that this balance is reached
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2.4 Deposition of Co on Au(111)

at larger distances for larger time values. In addition, calculations of the pH-value
depending on time −log(CH+(t, x)) are plotted in Figure 2.11(b) for solution I with
C∗H+ = 0.01 mM and solution II with C∗H+ = 1 mM. Here, the distance x is set
to 0.5 µm perpendicular to the working electrode. Thereby, near to the working
electrode in solution I a shift of the pH-value from the acidic range starting from
pH= 5 to the alkaline range pH= 9.5 is illustrated. Adding H2SO4 to the supporting
electrolyte significantly reduces the pH-value of the final state, as demonstrated by
solution II.
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Figure 2.12: CVs of Au(111) in 40 mM
Na2SO4 and 1 mM CoSO4, but with-
out H2SO4 in solution. Changes be-
tween the first CV and eighth CV are
observed due to the shifting pH-value
from acidic to alkaline electrolyte at
WE. Initially, Co dissolution takes
place at peak A’ around −600 mV.
Over time peak A’ decreases and peak
B’ increases, which is attributed to
the development of cobalt hydroxides

[109, 145].

Since all red/ox reactions at a working electrode depend on the actual pH-value
[8, 59], the observed CV of Au(111) in an electrolyte composed of Na2SO4 and
CoSO4, without adding H2SO4, is changed over time due to the increasing pH-
value [72, 109, 122, 125, 145]. This is demonstrated in Figure 2.12 by the fist
cycle of the CV and the eighth. In an ideal system one expects all CVs to be
equal, if the electrochemical conditions are stable at the working electrode. As
demonstrated above, the environment at the working electrode becomes increasingly
alkaline due to the depletion of H+ cations near the Au(111) working electrode. Co
deposition is sensitive to the actual pH-value at the working electrode, and thus at
pH-values above 9, cobalt hydroxides such as Co(OH)2 develop and coexist [145].
The formation of these Co complexes can be seen as a green precipitation above the
Au(111) working electrode.

Consequently, for Co deposition on Au(111) two opposite aspects have to be
taken into account. First of all, the competing hydrogen evolution during Co depo-
sition should be reduced to avoid a delay of the Co deposition. This is accomplished
by use of sodium sulfate (Na2SO4) as supporting electrolyte instead of sulfuric acid
(H2SO4). However, it is necessary to add a small amount of H2SO4 to the electrolyte
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2. ELECTROCHEMISTRY

solution. Thereby, the pH-value at WE is kept near the acidic range during and after
Co deposition. Otherwise, stable complex formations of Co hydroxides occur at the
working electrode and Co deposition/dissolution is not possible any more. Thus,
the electrolyte solution has to contain H2SO4 to adjust the pH-value to 3 in order to
investigate metallic Co on Au(111) by STM and later by sp-STM at the solid/liquid
interface.

2.4.2 Resulting Co Deposition on Au(111)

The electrolyte solution for electrochemical deposition of Co on Au(111) is composed
of 0.1 M sodium sulfate (Na2SO4), 0.5 mM sulfuric acid H2SO4 (pH≈ 3), and 1 mM
cobalt sulfate CoSO4, which has been discussed in detail in Section 2.4.1 above. To
minimize undesired reactions, the electrolyte is deaerated in-situ by 5 N argon gas
prior to all investigations as demonstrated in Section 2.3.2 above. In addition, the
electrochemical cell is hermetically sealed, as illustrated in Figure 2.4(b), to prevent
a contamination with oxygen over time.

CV investigations of Au(111) in such an electrolyte solution are shown in Fig-
ure 2.13(a), without (gray) and with 1 mM CoSO4 (black) in solution. The calculated
Nernst potential is E0(Co/Co2+) = −365 mV for a 1 mM CoSO4 solution, accord-
ing to Equation (2.5). The cathodic current densities in both CVs increase with
decreasing potential EWE. In the CV with added CoSO4 (black) Co deposition is
reflected by the steep increase of the cathodic current density (A). Since the hydro-
gen evolution is a competing reaction, a higher overpotential for the Co deposition
is required: ECo depo < E0(Co/Co2+) = −365 mV. In upwards direction the Co dis-
solution is given by the corresponding anodic peak A’ around −190 mV, identified
in Figure 2.13(a). The measured CVs are in good agreement with literature [102].

By use of a semi-logarithmic Tafel plot as shown in Figure 2.13(b) the onset
of the hydrogen evolution and of the Co deposition are easily identified by linear
fits (dashed lines) of the cathodic current densities jcat. Caused by the hydrogen
evolution both CVs (without and with CoSO4) show an increasing cathodic current
below EWE ≈ −300 mV. By this presentation, the deposition of Co is fitted to occur
below −490 mV. Additionally, the further decrease in the cathodic current densities
is caused by a depletion of H+ and Co+ cations at the Au(111) working electrode,
highlighted by the gray square in Figure 2.13(b).

Within a potential range from −450 mV to −330 mV no Co is deposited on
Au(111) and already deposited Co remains on the Au(111) surface. Therefore, the
substrate potential EWE is adjusted within this potential range for subsequent STM
measurements. Thereby, stable electrochemical conditions for metal Co on Au(111)
are ensured.

The low concentration of H2SO4 and CoSO4 causes a depletion of H+ and Co2+

ions on the working electrode below−510 mV, since the flux of the reactants depends
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Figure 2.13: (a) CVs with dEWE
dt = 10 mV s−1 of Au(111) in 0.1 M Na2SO4 with 0.5 mM

H2SO4 (gray), and upon adding 1 mM CoSO4 (black). E0(Co/Co2+) = −365 mV for
a 1 mM CoSO4 solution. Current densities of both CVs increase with decreasing
potential caused by hydrogen evolution. The Co OPD is reflected by a steep increase
of the cathodic current density (A). The corresponding Co dissolution is given by the
anodic peak A’ around −190 mV. (b) A Tafel plot of the cathodic current density
jcat of both CVs. Due to the semi-logarithmic scale the H2 evolution as well as the
Co deposition can be linearly fitted (dashed lines). Thus, the onset of the hydrogen
evolution is found below −300 mV and the Co deposition is observed below −490 mV.

Depletion of H+ and Co+2 cations is highlighted by the gray square.

on diffusion. Therefore, hydrogen evolution as well as Co deposition decrease at a
large overpotential. This effect decelerates Co deposition at the Au(111) working
electrode. Since Co deposition on Au(111) is an OPD depending strongly on the
adjusted potential EWE, and since only a low Co coverage is desired, there is no
reason to use a CoSO4 solution of higher concentration. A higher concentration
of H2SO4 would suppress the Co deposition due to the strongly competing nature
of the reaction. For these reasons the concentration of H2SO4 and CoSO4 in the
electrolyte solution are set to 0.5 mM and 1 mM, respectively.

2.5 Conclusion

The electrochemical cell in use is airtight and the electrolyte solution was deaerated
in-situ by argon gas. Since only cleaned components as well as aqueous solutions
of high purity were utilized, a clean environment was ensured for investigations
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2. ELECTROCHEMISTRY

at the solid/liquid interface. Therefore, no appreciable contamination or dissolved
oxygen as observable in CVs of Au(111) in sodium sulfate (Na2SO4) and sulfuric
acid (H2SO4).

Cobalt deposition on Au(111) occurred below the calculated Nernst potential
since it is an OPD, depending on the actual concentration of the Co2+ cation in
solution. Caused by a required deposition potential in the range of EWE = −490 mV
hydrogen evolution occurred at the Au(111) working electrode as well. The hydrogen
evolution was strongly reduced by use of sodium sulfate (Na2SO4) as supporting
electrolyte solution instead of sulfuric acid (H2SO4). In addition, deaeration of the
aqueous solution avoided undesired reaction with oxygen, and thus metal deposition
in the lower potential range could be achieved without any disturbances.

However, Co red/ox reactions depend on the actual pH-value at the working elec-
trode. Stirring of the electrolyte solution is not possible for STM investigations at
the solid/liquid interface performed during Co deposition. Therefore, a depletion of
H+ cations arose at the Au(111) working electrode at low potentials. The diffusion
controlled mass transport of H+ cations in differing electrolyte solutions (I-III) was
observed by potential step measurements, which simulated a sample preparation
during STM measurements. Thereby, a depletion of H+ cations at the working elec-
trode led to a diffusion induced shift of the pH-value (−log(CH+)) into the alkaline
range. This caused the formation of cobalt complexes near the working electrode,
which was electrochemically observed by changes over time in CVs of Au(111) in a
solution composed of sodium sulfate (Na2SO4) and cobalt sulfate (CoSO4).

As a result, a small amount of sulfuric acid (H2SO4) has to be added to the elec-
trolyte solution causing pH ≈ 3 to avoid undesired secondary reactions of deposited
Co on Au(111). This way, an electrochemical deposition of metal Co on Au(111)
is accomplished and the Co remains stable on Au(111) in a potential range from
−450 mV < EWE < −330 mV.
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Chapter 3

Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) was first realized
by Binnig et al. in 1981 [15, 16, 17, 18, 19]. A gen-
eral theoretical formalism for electrons tunneling across
a barrier was made by Bardeen [10] in 1961, which was
used by Tersoff and Hamann to describe electrons tun-
neling from the STM tip to the investigated substrate
[189, 190]. The development of STM has constituted a
milestone which enabled investigations of surfaces at the
atomic scale. In contrary to other surface characterization
techniques which require electron detection, STM is not

confined to ultra high vacuum (UHV) conditions and has been realized under am-
bient and higher pressures for studies in solid/gas and solid/liquid interfaces [63].
Thereby, it is a powerful tool to investigate in-situ electrochemical processes and
structure formations of adlayers at the solid/liquid interface with high resolution
[41, 43, 44, 118]. Growth processes during deposition at the solid/liquid interface
often differs from deposition in UHV and STM allows in-situ investigations with
high spatial resolution.

This chapter includes a short introduction of the theory and the experimental
setup of STM in Section 3.1 (for more detailed descriptions compare [39, 197]).

Furthermore, the tunneling process at the solid/liquid interface is discussed and
compared to the tunneling process at the solid/vacuum interface in Section 3.2.
In Section 3.2 metal growth on the working electrode in the electrochemical envi-
ronment is demonstrated by Co deposition on Au(111) and investigated in-situ by
STM. The Co dissolution process is observed in-situ by STM in addition to cyclic
voltammetry measurements.
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3. STM

3.1 STM - Theoretical Approach

STM is the investigation of a surface with a sharp conducting tip utilizing tunneling
electrons.

The formula of the tunneling current in one dimension between two planar elec-
trodes was described perturbatively by Bardeen [10], and the formalism was adapted
by Tersoff and Hamann [189] [190] [188] to match the experimental conditions of
STM, i.e. exchanging one planar electrode by the tip with a spherical apex.

In Bardeen’s formalism the tunneling current I0 between two electrodes µ and ν
in the first order is given by

I0 =
2πe

}
∑
µν

f(Eµ)[1− f(Eν + eVb)] |Mµν |2 δ(Eµ − Eν), (3.1)

where } is the reduced Planck constant, e is the elementary electric charge, Vb is
the bias voltage, f(E) is the Fermi function, Mµν is the tunneling matrix element
between states ψµ of µ and ψν of ν at the energy Eµ,ν [190]. Thereby, the tunneling
matrix element connects the states of both electrodes, describing an overlap of the
two wavefunctions when integrating over the separating area [189]

Mµν =
−}2

2m

∫
d
−→
S · (ψ∗µ∇ψν − ψν∇ψ∗µ). (3.2)

In the limits of small voltages and room temperature Equation 3.2 can be simplified
by

I0 =
2πe2

}
Vb
∑
µν

|Mµν |2 δ(Eν − EF ) δ(Eµ − Ef ) =
2πe2

}
Vb ρtip(EF ) ρsub(EF ), (3.3)

with the Fermi function approximated by a step function [190].
Reducing electrode µ to a tip with a single atom in its apex, approximated by

a s-wave tip function, the matrix element is proportional to the amplitude of ψν at
the position −→r0 [190]

I0 ∝ Vb exp [2κR] ρtip(EF )
∑
ν

|ψν(−→r0 )|2 δ(Eν − EF ) (3.4)

I0 ∝ Vb exp [2κR] ρtip(EF ) ρsub(−→r0 ;EF ), (3.5)

where ρsub(
−→r0 ;EF ) =

∑
ν |ψν(

−→r0 )|2 δ(Eν − EF ) is the surface local density of states
(LDOS) at the Fermi level and at the point −→r0 , which is the vector defined by
the center of curvature of the effective tip with a radius R and the closest point

to substrate electrode ν [190]. κ =

√
2mφ

}2
= (5.1 eV−0.5 nm−1

√
φ) is the decay
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3.1 STM - Theoretical Approach

constant in the potential barrier region, with the electron mass m and the local
potential barrier height φ.

The wave function ν decays exponentially with the distance z from the electrode
surface,

ψν(
−→r ) ∝ exp [−κz] (3.6)

→ |ψν(−→r0 )|2 ∝ exp [−2κ(d+R)] (3.7)

and thus the tunneling current, Equation 3.5, depends exponentially on the dis-
tance d between the substrate (electrode ν) and the tip apex.

I ∝ Vb exp [−2κd] ρtip(EF ) ρsub(
−→r0 ;EF ) (3.8)

The STM setup employed in this work consists of four components: a conductive
substrate, a probing metallic tip pointing to the substrate, a piezo-ceramic element
that is capable of positioning the tip apex with respect to the substrate surface in
three dimensions, and the electronic control unit.

The tip is mounted onto the piezoelectric ceramic tube 1, which is deflected
proportionally to the applied voltages Vx, Vy, and Vz. A certain surface area of the
investigated substrate is mapped by moving the tip in the direction of the x-axis
(fast scanning axis) back and forth, and subsequently moving in the direction of the
y-axis (slow scanning axis) and repeating the x-axis scan. The scanning tube in use
has a lateral operating limit of close a square area of 12 µm.

Depending on the distance d and the bias voltage Vb between the tip apex and
the substrate, a tunneling current I0 is established:

I0 ∝ Vb exp[−2κd] = Vb exp
[
−10.2 eV−0.5 nm−1

√
φ d
]
, (3.9)

where d is given in nm and φ in eV. For STM in vacuum φ is equal to the work
function of the material in use with a typical value of approximately 5 eV for metals.
A reduction of the tip-surface distance d leads to an overlap of the wave functions
of the two electrodes. There, electrons from occupied states of one electrode can
tunnel into unoccupied states of the other. By applying a bias voltage Vb between
tip and substrate a net tunneling current can be detected.

The STM setup operates in two possible modes: the constant-current mode
(CCM) and the constant-height mode (CHM), illustrated schematically in Figure 3.1
(a) and (b), respectively.

In CCM a setpoint value is given for the tunneling current I0. Constant current
scanning is achieved by a STM feedback loop of the tunneling current which adjusts

1PI Ceramic
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Figure 3.1: Schematic illustration of the STM scanning modes: (a) constant-current
mode, where the tunneling current is set to I0, and is kept constant during measure-
ment by keeping d = |ztip−zsub| constant. The height of the tip ztip has to be adjusted
by a piezoelectric ceramic tube. Topographical information of the probed surface are
delivered by the changing tip height. (b) constant-height mode, where the tip height
ztip is kept constant. Caused by the topography of the substrate zsub the tip-surface
distance varies d. The change in tunneling current I0(d) delivers topographical infor-

mation of the probed substrate.

d = |ztip − zsub| accordingly. The tip-surface separation d along the z-axis plotted
as a function of x and y represents the mapping of the constant surface LDOS at Vb
and corresponds to the real topography assuming for constant surface states.

In CHM, the scanning plane of the tip apex is fixed. Consequently the tip-surface
distance d = |ztip − zsub| is changing due to the topography of the surface. The
resulting tunneling current I0(d) delivers topographical information of the probed
substrate. Without the need of the feedback loop and subsequent adjustment of
the tip vertical position the STM can scan faster, but also with significant risk of a
physical overlap of the tip and substrate, due to the corrugation of latter.

In the present work all STM investigations were performed in CCM, also in order
to realize further spin-polarized STM measurements.

3.2 STM in the Electrochemical Environment

In this section the electrochemical STM (ec-STM) setup for investigations at the
solid/liquid interface is laid out. A detailed description of the tip preparation is
given followed by an example of ec-STM measurements on a reconstructed Au(111)
surface.
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3.2 STM in the Electrochemical Environment

3.2.1 Setup of the Ec-STM

STM at the solid/liquid interface was initially realized by Sonnenfeld and Hansma
in a two-electrode arrangement, specifically a STM tip and substrate [50, 177, 178].
Control over electrochemical reactions, and thereby improvement of the stability of
the substrate and the tip, was first accomplished by a four-electrode arrangement [95,
115, 196]. The potential adjustment of each working electrode (WEtip and WEsub)
was achieved by a separate potentiostat (bipotentiostat) with help of a reference
electrode (RE) and a counter electrode (CE) [106, 107]. Such an electrochemical
cell under the control of a bipotentiostat was already introduced and illustrated in
Chapter 2 1. A sketch of the ec-STM setup with all control units and its adjustment
of the tip by a piezoelectric ceramic tube is depicted in Figure 3.2. With the STM
setup integrated into an electrochemical cell, in-situ investigations enable the direct
observation of surfaces and electrochemical processes at the solid/liquid interface on
the nanometre scale [71] [41].
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Figure 3.2: Setup of the ec-STM, which
is a combination of an electrochemi-
cal cell with four electrodes (substrate
working electrode WEsub, tip working
electrode WEtip, reference electrode
RE, and counter electrode CE, con-
trolled by the bipotentiostat) and a
STM setup. The STM control unit
(CU) can adjust the tip position in all
three dimensions by applying voltages
Vx, Vy, and Vz to the piezoelectric ce-

ramic tube.

The electrochemical cell and the STM scanner are positioned on a heavy plat-
form which is hanging form the ceiling by four steel springs, in order to decouple
vibrationally the instrument from the building. Additional isolation from acoustic
vibrations is provided by foam which surrounds the instrument housing (isolated
cabinet in Figure 3.2) and its entrance. The electronics and operating PC are lo-
cated outside of this isolated cabinet.

In an electrochemical environment the potential of the tip Etip as well as the
potential of the substrate EWE are controlled with respect to the reference electrode
RE by an appropriate bipotentiostat [41, 115]. Consequently, the bias voltage of
the STM setup Vb is given by the difference between the potentials of both working
electrodes Vb = |Etip − EWE|. The in-situ preparation of the samples can be achieved

1The electrochemical STM used in this work consists of a NanoScope E control unit with a
bipotentiostat BP-700 from EC-Tec.
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via adjusting the potential of the working electrode, such as depositing solved cations
out of solution and subsequent dissolution. These electrochemical processes has been
introduced in Chapter 2. Hence, for ec-STM no heating and sputtering cycles are
needed for in-situ surface preparation.

Distance-tunneling spectroscopy, where the tunneling current is measured as a
function of the tip-surface distance d, in vacuum results in spectra of exponential
functions. By such measurements the tunnel barrier height (work function) φM of
the investigated material M is given by the gradient of the semi-logarithmic plot of

φM ≈
1

A2

(
d ln(I)

d d

)2

, (3.10)

with A = (2 × 5.1 eV−0.5 nm−1) = (10.2 eV−0.5 nm−1) according to Equation (3.9)
[20, 60, 65, 66, 111, 207]. For example, in vacuum the Co(0001) work function φCo

is ∼ 5.264 eV at 27 ◦C [157, 158] and the Au work function φAu is ∼ 5.38 eV at 27 ◦C
[157, 158].

Tunneling in an electrochemical environment is comparable to tunneling in vac-
uum, however, the process is influenced by ordered adlayers of water molecules at the
investigated surface [85, 90, 132, 133, 170]. Such a double-layer of water molecules at
the solid/liquid interface modifies the exponential dependence measured by distance-
tunneling spectroscopy. As a result, the tunnel barrier height is about 1 eV to 2 eV,
lower than in vacuum [126]. According to Equation (3.10) in the electrochemi-
cal environment an effective reduced tunnel barrier height φM,eff < φM,UHV results
[14, 53, 75, 76, 77, 85, 142, 153, 159, 169, 176, 193].

Hugelmann and Schindler observed by distance-tunneling spectroscopy an os-
cillation of the tunneling current at the solid/liquid interface [92, 93]. Thereby,
distance-tunneling spectroscopy was obtained by discretely changing the tip-surface
separation of δd ≈ 0.034 nm per step to exclude thermal effects [92, 93]. The tun-
neling current was measured over a range from 10−12 A to 10−4 A for a tip/sample
bias voltage Vb = 100 mV. The subtraction of the mean gradient from the semi-
logarithmic curve of the work function reveals an oscillation with period of 0.35 nm,
corresponding to the dimension of a water molecule [13, 170]. The oscillation
amplitude was measured to be ±0.8 eV around the mean tunnel barrier height
φeff = 1.51 eV [93]. The effective reduced tunnel barrier height results from tunneling
via intermediate states [77, 153] and calculations show that tunneling via hydrogen
atoms results in a potential barrier in the range of measured values [13, 58, 170].

Thereby, it was shown that tunneling for distances d < 0.15 nm occurs across a
vacuum-like gap where the barrier height increases with increasing tip-surface sep-
aration d, until the first adlayer of water molecules penetrates the opening between
tip and substrate (d > 0.35 nm). Thus, the barrier height is decreasing due to tun-
neling via hydrogen intermediate states [92, 93]. The same behavior is observed
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3.2 STM in the Electrochemical Environment

for the second adlayer of water molecules and the third up to a distance where the
faradaic current, generated by reactions at the tip working electrode exposed to the
electrolyte.

3.2.2 Ec-STM Tips - Fabrication and Characterization

In ec-STM tips have to be inert in the electrochemical environment at the adjusted
potential. Thus, STM tips are often fabricated from noble metals such as Au, Pt or
PtIr serving this purpose. The STM tips used in this work were made of Au, Ni, Ni
coated Au, or Co68.2Fe4.3Si12.5B15

1. However, the tip preparation of all mentioned
materials is very similar and described in the following.

a b c
1

2

3

3

Figure 3.3: Tip preparation by drop-off technique: (a) Electrochemical etching of the
tip wire within a lamella (1) of acid. After the etching process the tip drops down and
is collected in pure water and cleaned from remaining acid. This sudden interruption
ensured pointed tips. (b) Tips made of wires too thin for the ec-STM tip clamp
were glued (2) to mechanically cut Au wire of the appropriate thickness. All tips were
isolated by an Apiezon wax film (3) which exposed only the tip apex in order to reduce
the faradaic current. (c) The STM tip clamped into the ec-STM setup (tip holder).

STM tips were electrochemically etched by a modified drop-off fabrication to
achieve a sharp tip apex [27] [124] [36]. The tip preparation steps are illustrated in
Figure 3.3. First, the tip wire is led through a platinum wire ring electrode with
a diameter of 10 mm, where a lamella of an electrolyte is adhered, Figure 3.3(a).
The ring electrode acts as a cathodic etching electrode, whereas the metal wire acts
as an anodic electrode. For Au tip etching the electrolyte lamella consists of 32 %
hydrochloric acid [94]. For Ni tips the electrolyte is composed of 10 % hydrogen
peroxide and 95 % sulphuric acid at a ratio of 10:1 [57]. Due to an applied voltage
between the ring electrode and the metal wire an electrochemical etching process
occurs in the electrolyte plane.

1Co68.2Fe4.3Si12.5B15 is a soft ferromagnetic and amorphous alloy, which is often called AC20
in the following. Produced by UNITIKA using an ’In-Rotation-Water-Spinning Process’ [137].
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Figure 3.4: Typical etching current Ie
over time t is illustrated for an Au tip
preparation. The arising etching cur-
rent decreases until the lower part of
the metal wire drops. The upper metal
wire still remains in the acid lamella
and causes a low residual etching cur-
rent until the etching voltage is turned

off.
start drop of the tip

t

I e

end

The etching voltages required for Au and Ni tips are 1.65 V and 1.3 V, respec-
tively. During the etching process the lamella should be stable without breaking
to get an optimal result. Directly after the etching process, the lower part drops
off and is collected in the water reservoir underneath. For very thin and therefore
very light wires, a weight is attached to the lower part of the tip, so as to overcome
the surface tension of the lamella. By the drop of the tip, the etching process does
not continue after the tip formation resulting in sharp and stable tips. The etching
voltage was optimized by examining the outcome of the etching process by scanning
electron microscopy (SEM). A SEM image on a typical electrochemically etched Au
tip is shown in Figure 3.5.

Figure 3.5: SEM images of an Au tip
directly after electrochemical etching
with (a) 150 x magnification and (b)
90 000 x magnification. The etched
area of the wire depends on the thick-
ness of the electrolyte lamella. A reg-
ular and pointed tip is prepared by
placement in the center of the lamella

.

200 µm

300 nm

a b

The STM setup allows mounting of tips with a diameter of 250 µm (tip holder),
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therefore tips with smaller diameters have to be glued to an Au wire carrier, Fig-
ure 3.3(b), by conductive silver paint. Finally, all tips used in the electrochemical
environment are protected by an Apiezon wax film, where only the tip apex is left
bare for ≈ 10 µm2 to enable a tunneling contact between tip and substrate [64, 164].
Therefore, Apiezon wax is heated and melted by a soldering iron with a notch where
the tip is passed through [131]. This preparation step is monitored via an optical
microscope. The isolation is needed to reduce the faradaic current generated by
reactions at the tip working electrode exposed to the electrolyte. Otherwise the
tunneling current is marginal compared to the faradaic current [9] [39] and ec-STM
is not possible.

After these preparation steps, the finished STM tip is clamped in the scanning
unit of the STM setup (Figure 3.3(c)) at the end of the piezoelectric ceramic tube.

3.2.3 STM of Au(111) at the Solid/Liquid Interface

STM measurements at the solid/liquid interface were performed on an Au(111) sur-
face. The Au single crystal was is thermally treated in a hydrogen flame and cooled
down in a nitrogen atmosphere prior to all investigations in order to prepare ex-
tended atomic terraces of Au(111). The atomic terraces of the Au(111) surfaces
investigated exhibited the characteristic

√
3× 22 reconstruction, known as herring-

bone reconstruction [11, 104, 105].

Once the substrate is in contact with the electrolyte solution, the potential of
the substrate EWE has to be adjusted below 400 mV, since at higher potentials the
herringbone reconstruction is lifted due to the adsorption of SO2−

4 anions on Au(111),
regarding the CV investigations of Au(111) shown in Figure 2.7 [51, 104, 120]. In this
case, a plane (1 × 1) structured Au(111) surface would be observed until at higher
potentials a

√
3×
√

7 ordered adlayer of SO2−
4 anions is formed [43, 51, 104, 117, 120].

A nearly oxygen free electrolyte solution is ensured by in-situ deaeration of the ec-
STM setup prior to all investigations, as described in 2.3.2.

Samples prepared with this procedure have Au(111) terraces extended over sev-
eral hundred nanometers, as shown in Figure 3.6(a). The performance of the elec-
trochemical STM is demonstrated by the observation of the

√
3× 22 reconstructed

Au(111) surface in the STM image 3.6(a) and in detail in Figure 3.6(b). This mea-
surements reveals the herringbone reconstruction of the Au(111) surface on the ex-
tended terraces. A line-scan across five Au(111) step edges is plotted in Figure 3.6(c).
The apparent height derived by the STM scanner motion in z is calibrated against
the step height of a single Au(111) atomic layer 1 AL =̂ 2.4 Å [11, 31] 1. Therefore,
the high resolution of the ec-STM is demonstrated in all three dimensions.

1 The uncertainty of each measured value v is given by the standard deviation.
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3. STM

Figure 3.6: Observation of a
√

3 × 22
reconstructed Au(111) surface by ec-
STM at the solid/liquid interface in
constant-current mode. Typical set-
point are: tunneling current I0 =
10 nA, Au(111) substrate potential
EWE = −170 mV, Au tip potential
Etip = 80 mV, resulting in a bias volt-
age of Vb = 250 mV. (a) On a large
scale the herringbone reconstruction
is observed on wide terraces of the
Au(111) surface and (b) can be in-
vestigated in detail. (c) The line pro-
file of the line indicated in (a) shows
monatomic steps with (2.4± 0.2) Å
height. Hence, the high resolution
of the ec-STM is demonstrated in all

three dimensions.

400 nm

a

50 nm

b

c

z 
[Å

]

x [nm]

3.3 STM of Co/Au(111) at the

Solid/Liquid Interface

The aqueous electrolyte for Co deposition on Au(111) consist of 0.1 M Na2SO4 and
1 mM CoSO4 with added H2SO4 to adjust the electrolyte solution to pH ≈ 3, as
already laid out in Section 2.4.1.

As mentioned above, once the ec-STM setup is prepared for experiments, the
Au(111) substrate potential EWE is adjusted to 30 mV. Initially, the electrolyte
solution consists just of the supporting electrolyte solution (Na2SO4 and H2SO4) to
prevent an unintended Co deposition caused by higher concentration CCo2+ or the
formation of Co hydroxides, see Figure 2.12. Just before the completion of the in-
situ deaeration of the electrolyte, solved CoSO4 is added via the deaeration column,
see Figure 2.4(b), in order to avoid a high concentration of Co2+ cations at the
Au(111) substrate.

In the following the electrochemical deposition of Co onto a freshly prepared
Au(111) surface is investigated by ec-STM. Furthermore the related Co/Au interface
is described in detail and the morphology of the electrochemically deposited Co on
Au(111) is characterized.
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3.3 EC-STM of Co/Au(111)

3.3.1 Ec-STM Investigations

For Co deposition the potential of the Au working electrode EWE is adjusted from
30 mV to −470 mV, a value below the Nernst potential E0(Co/Co2+), according to
CV investigations as shown in Figure 2.13. In order to observe the formation of Co
layers, the line-scan frequency was increased to fSTM ≈ 1.4 Hz. Thereby, the Co
deposition can be monitored in-situ and in real time. The low potential difference
between tip Etip and substrate EWE enables the simultaneous Co deposition and
in-situ STM [183, 209].

When the desired Co coverage is reached, the potential of the Au working elec-
trode EWE is adjusted at about−370 mV close to the Nernst potential E0(Co/Co2+).
Therefore, neither Co dissolution nor additional Co deposition occurs, as shown in
the CV in Figure 2.13(a). Thereby, electrochemically stable and extended Co islands
are ensured during subsequent ec-STM and further sp-STM measurements. Two ex-
emplary STM topographies of the Co/Au(111) surface are shown in Figures 3.7 and
3.8. On top of the bare Au(111) terraces, the typical herringbone structure of the√

3 × 22 reconstructed Au surface is observed, which is evidenced in the inset in
Figure 3.7(a).

The deposited Co first attaches to Au(111) step edges, from where extended
Co islands nucleate. These islands are a bilayer of Co with lateral size of several
hundred nanometers arrange, as observed in Figure 3.8(a). Instead of a complete
coverage of the Au(111) substrate with a bilayer of Co, additional Co nucleate on
top of the bilayer, resulting in Co islands of three and four atomic layers (AL), as
shown in Figure 3.8(a).

Electrochemically grown Co layers on the fcc Au(111) substrate show a hcp
structure, with the (0001) plane observed on the surface [7, 33, 34, 99]. On top
of the deposited Co islands of 2 AL up to 4 AL thickness a characteristic moiré
structure is observed [3, 4, 33, 129, 181], as highlighted in Figure 3.7(a). The moiré
structure results from a mismatch between the in-plane lattice constant of Co(0001)
and Au(111) (aCo = 2.51 Å, aAu = 2.88 Å), with a mismatch of aCo−aAu

aAu
= 13 %

[174].
This moiré structure evidences epitaxial growth of hcp Co(0001) on fcc Au(111)

via electrochemical deposition. The resolution of both surface properties, the typical
herringbone structure of the

√
3 × 22 reconstructed Au(111) surface as well as the

moiré structure on Co, reveal the high resolution than can be achieved in ec-STM.

The electrochemical Co deposition on Au(111) employed here resulted in sig-
nificantly different growth from previously reported deposition at the solid/liquid
interface [2][102]. In contrast to previous reports, here the evolution of Co multilay-
ers is observed before a saturated bilayer is established. The extended Co islands
are measured to reach a thickness up to 4 AL and are separated by extended areas
of bare Au(111).
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Figure 3.7: Topographical STM image of an electrodeposited Co island on Au(111) with
the layer thickness indicated by Roman numerals. (a) I0 = 12 nA; EWE = −363 mV;
Etip = −369 mV. The contrast was partially enhanced in image to highlight the√

3×22 reconstructed Au(111) surface (upper left corner) as well as the moiré structure
on top of the deposited Co island (lower part of the island) representing the high
resolution of the ec-STM. Line profiles across the lines indicated in (a): (b) 1 AL Au
step edge of (2.4± 0.3) Å, (c) 2 AL Co step edge of (3.6± 0.4) Å with respect to the
Au terrace below. On top of the bilayer Co island the third Co layer nucleates, which

is about (2.0± 0.3) Å high with respect to the underlying Co bilayer.

This type of growth seems to be attributed to the in-situ deaeration of the
electrolyte with 5 N Ar gas. The differences between the CV measurement of the
presented electrochemical setup and the ones reported in [2, 4, 34] reveal that the
employed deaeration process suppresses interfering reactions on the Au(111) surface.
In general, Co deposition at solid/liquid interfaces depends strongly on the support-
ing electrolyte and on the deposition potential at the Au(111) working electrode
[33, 34].

In contrast to Co growth at the solid/liquid interface, in vacuum Co nucleation
starts at the elbows of the herringbone reconstruction or randomly at the linearly
reconstructed Au(111) surface [129, 194]. There, small Co islands are regularly
arranged with 2 AL in height [139, 140, 152, 173]. However, Co growth in vacuum
strongly depends on the deposition temperature and even at larger nominal Co
coverage the islands do not coalesce but increase vertically [129, 139, 150, 152,
191, 194]. Since physical vapor deposition in vacuum differs significantly to the
Co deposition in an electrochemical environment, a direct comparison between the
properties of these Co/Au(111) samples is not possible.
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Figure 3.8: Topographical STM image of electrodeposited Co on Au(111): isolated
extended Co islands with Co thickness as indicated by Roman numerals. For reference
an Au(111) step edge is highlighted by the dashed red lines. (a) I0 = 5 nA; EWE =
−410 mV; Etip = −340 mV. Bilayer Co islands nucleates at Au step edges. Plotted are
the indicated line profiles 1 to 4 with respect to the marked Au(111) step edge in (a):
(b) Monatomic Au step edge of (2.4± 0.3) Å used for scanner calibration and plotted
in (c-e) as well. (c) 3 AL Co =̂ (5.4± 0.3) Å located at the lower Au terrace. (d) 3 AL
Co =̂ (5.3± 0.3) Å located at the upper Au terrace. (e) From 3 AL Co at the upper
Au terrace to 3 AL Co at the lower Au terrace via 4 AL Co =̂ (7.4± 0.3) Å Despite the
bare Au(111) area (66.4 %) the nominally deposited Co amounts to ≈ 1 monolayer.
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3. STM

Typically, deposited Co is exclusively quantified by coverage in units of monolay-
ers. Thereby it is assumed, that deposition follows a layer-by-layer mode regularly
distributed [152, 194] as it is observed for metal deposition in vacuum. Only in few
cases a bilayer is initially deposited such as for Co. As mentioned above, in the ex-
periments it is observed, that Co is deposited in extended Co islands, with a typical
lateral size of 0.25 µm2, as shown in A typical example is given in Figure 3.8(a).
There the Co islands cover an area ACo =̂ 0.189 µm2 which amounts to 33.6 % of the
entire investigated area Atotal =̂ (0.75 µm)2 with Co islands of 3 AL up to 4 AL in
height h[AL]. The nominally deposited Co expressed in units of monolayers (ML)
amounts to

ACo × h[AL]

Atotal

∼= 1 ML. (3.11)

It is therefore not meaningful to express the Co amount in ML for locally resolved
measurements on those samples. In order to avoid confusion, hereafter all data
concerning the thickness of investigated Co islands are given in units of atomic
layers (AL).

As described in Section 3.2.1, a vacuum-like gap is formed at a tunneling current
of I0,1 = 10 nA, and at an adjusted bias voltage of Vb,1 = 100 mV, resulting in a
tunneling distance d1 < 0.35 nm [93]. All subsequent sp-STM measurements were
recorded at low bias voltages Vb,2 in the range of 5 meV to 20 meV and tunneling
current setpoints I0 of 5 nA to 12 nA. Since the tunneling current I0 is proportional
to the bias voltage Vb according to Equation (3.9), the gap for subsequent sp-STM
investigations at I0,2 = 6 nA and V2,b = 18 mV is approximated to

ln( I0,2
I0,1
· Vb,1
Vb,2

)

−10.2 ·
√

1.51 eV
+ d1 ∝ d2 = 0.25 nm.

Therefore it is most likely, that the tunneling process occurs across a vacuum barrier
similarly to STM and sp-STM measurements in UHV.

3.3.2 Morphology of Co(0001) on Au(111)

The line profiles shown the Figures 3.7 and 3.8 allow a close inspection of the mor-
phology of the extended Co islands on Au(111). In both figures the line-scans
indicated with (1) run across a monatomic step edge of the substrate and are used
as references, (2.4± 0.3) Å, compare [11]. Measured with respect to the Au ter-
race directly below, the initial Co bilayer (2 AL) displays an apparent height of
(3.6± 0.4) Å.

With respect to the underlying Co bilayer, further Co layers show as steps of 2 Å,
corresponding to the height of a single atomic Co layer, see Figure 3.7(c) and 3.8(c-e).
Thus, Co trilayers (3 AL) amount to (5.4± 0.3) Å, and 4 AL of Co to (7.4± 0.3) Å.
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3.3 EC-STM of Co/Au(111)

These observed values agree with previous reports of electrochemically deposited Co
[4].

Based on the known lattice constant in Co〈0001〉 (2 AL =̂ 4.07 Å) [7] and com-
pared to STM measurements of small Co islands on Au(111) in vacuum which agree
well with this value [129, 194], a bilayer of hcp structured Co(0001) on Au(111)
is expected to have an apparent height of 4.1 Å. The corrugation resulting of the
moiré structure is reported in vacuum to ∼ 0.7 Å on the initial Co bilayer with a
periodicity (26.0± 1.5) Å [129] which fits with the moiré structure observed. The
reduction of the initial bilayer height from 4.1 Å to about (3.6± 0.4) Å with respect
to the Au surface is in the range of the corrugation of the moiré structure observed
and can be therefore caused by the high mismatch of 13 % between Co(0001) and
Au(111) lateral lattice constants.

A further possible explanation for the reduced bilayer thickness is the formation
of a Co/Au alloy at the interface[148]. Such alloying was previously observed for
Co/Au(111) electrochemically deposited [4] as well as for evaporated [121] and will
therefore be closely investigated in the following.

3.3.3 Formation of Co-Au Alloy

Combining STM with an electrochemical cell offers real space observations during
dissolution of deposited metal on an investigated working electrode surface.

The topography of a pristine Au(111) surface is shown in Figure 3.9(a). The
investigated area is 1 µm2 and shows the reconstructed Au(111) surface at EWE =
−341 mV. After Co deposition (EWE ≈ −470 mV) the substrate potential EWE is
set to −346 mV. Subsequently, all Au(111) terraces are covered by extended Co
bilayer islands, where the third and fourth atomic layers of Co begin to nucleate,
see Figure 3.9(b). Nonetheless, the Co islands are still well separated by bare Au
areas. As a guide to the eye, on one Au terrace the deposited Co is highlighted in
blue.

The STM micrograph in Figure 3.9(c) is a scan from bottom to top. During the
STM investigation of the surface area marked in orange, the substrate potential EWE

is varied from −346 mV → 30 mV → −346 mV corresponding to the simultaneous
CV observation plotted in Figure 3.9(d). The direction of this potential sweep is
indicated by the orange arrow on the side of the STM image. The Co dissolution
caused by the potential increase and is observed in-situ by in the STM imaging as
well as in the CV by the dissolution peak A’. The average Co coverage on the total
Au(111) surface in contact to the electrolyte Asubstrate ≈ 0.5 cm2 can be estimated
by this CV curve by integrating the measured anodic current over time, yielding the
measured value of total charge qtotal = 1.3 mC:

qtotal

Asubstrate

qML = 4.4 ML. (3.12)
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Figure 3.9: STM and CV of Co dissolution: I0 = 4 nA, Etip = −369 mV, EWE =
−346 mV, (a) EWE = −341 mV. Bare Au(111) terraces before Co deposition, (b)
EWE = −346 mV. After Co deposition islands of 2 AL to 4 AL are observed, examples
highlighted in blue. Dashed squares mark the same Co islands in (b) and (c). (c)
During STM measurement from bottom to top the substrate potential EWE is varied
the area marked in orange corresponding to the CV plotted in (d). Whereas in the
lower part of the micrograph extended Co island are observed, the EWE increase
results in dissolution of the Co islands formerly located on the upper part of the
image. Co clusters are left on the Au(111) surface even at high potential (inset). (d)
Corresponding CV measurement with dEWE

dt = 10 mV s−1. Co dissolution is reflected
by peak A’. Thus, the average coverage of Co on the total crystal surface can be

estimated to be 4.4 ML.
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3.3 EC-STM of Co/Au(111)

Here, the charge per Co monolayer qML is (dsurface · n · e = 0.587 mC cm−2) and the
surface atomic density of Co(0001) dsurface = 1.833 · 1015 cm−2, calculated by the
Co(0001) lattice constant, 2.51 Å [7].

Even if most of the deposited Co is dissolved, small clusters remain on the
Au(111) surface, as observed in the top part of the STM image in Figure 3.9(c) and
highlighted by the inset. This indicate that part of the deposited Co on Au(111)
forms a Co-Au alloy or results in embedded Co islands at the Co/Au interface, which
remain on the Au(111) surface even at potentials above the dissolution potential
[4, 34, 121, 191]. This effect becomes particularly evident after STM investigations
of Co on Au(111), as Co remains up to hours on the Au(111) surface.
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Figure 3.10: 1. and 2. CV of Au(111) in Na2SO4, H2SO4 and CoSO4, separated in the
cathodic (jcat, left) and the anodic current density (jano, right). In addition, a CV of
Au(111) without CoSO4 in the solution is shown for comparison. The Co deposition
(left), and subsequent Co dissolution (right) are highlighted by gray backgrounds. In
the 2.CV jcat is increased, even though the Co dissolution observed in jano is nearly
identical. This difference ∆jcat is not caused by Co deposition but rather by a higher

hydrogen evolution.

Cobalt and other transition metals are known to catalyze hydrogen evolution
[114, 141]. Since Co remains on the substrate electrode, a higher hydrogen evolution
is caused, which is also observed by CV.

CVs of Co deposition and following Co dissolution further confirm the STM
observation of Co remaining on the substrate. The first two CVs of a freshly prepared
Au(111) surface with CoSO4 in solution are plotted in Figure 3.10, slit in cathodic
current density jcat and anodic current density jano. Even though both are measured
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in sequence, they differ in the lower potential range. The cathodic current density
(decreasing potential EWE) of the second cycle is markedly higher in the potential
range from −220 mV to −500 mV, and during Co bulk deposition. However, for
both CV cycles the dissolution peak A’ is nearly identical, and thus, a higher Co
deposition can not be the reason for the increased cathodic current density at low
potentials. Instead this stems from a stronger higher hydrogen evolution at the
working electrode WEsub during the second CV which can be catalyzed by Co.

As a consequence of these observations by CV and ec-STM all subsequent sam-
ples of Co islands on Au(111) in this work are investigated after initial Co deposition
on a freshly prepared Au(111) surface. Hence, to prevent any unintended Co de-
position during the ec-STM, the aforementioned precautions were taken. Following
this preparation routine stable Co islands were electrochemically deposited on the
pristine Au(111) surface.

3.4 Conclusion

Given the observations in Chapter 2, appropriate preparation parameters for elec-
trochemical deposition of Co onto Au(111) were established. For sample prepa-
ration, the Au(111) substrate potential was decreased below the Nernst potential
E0(Co/Co2+) to EWE ≈ −470 mV, while Co deposition was monitored in-situ by
fast ec-STM scan speeds. Co growth is interrupted at the desired coverage by in-
creasing the Au(111) substrate potential EWE ≈ 370 mV near the Nernst potential.
This way, extended and stable Co islands of up to 4 AL were deposited with remain-
ing Au(111) areas in between. After this step of sample preparation, Co on Au(111)
can be investigated by ec-STM and further sp-STM.

In contrast to previous investigations, the observed Co deposition at the solid/liquid
interface in this work occurs by lateral growth of bilayer high islands originating from
Au(111) step edges, where additional Co layers are deposited on top before the initial
Co bilayer islands coalesce forming a completed bilayer.

Co deposition on Au(111) in UHV features uniformly distributed small Co clus-
ters on the reconstructed Au(111) surface located at the corners of the herringbone
structure and differs clearly from the investigated Co deposition at the solid/liquid
interface.

The high lateral resolution of the STM measurements at the solid/liquid interface
was demonstrated by the resolution of the

√
3 × 22 reconstructed Au(111) surface

as well as by the moiré structure on top of the deposited Co islands.
By combined CV and STM measurements the nominal Co coverage on Au(111)

can be estimated. In addition, an alloy formation at the Co-Au interface is ob-
served indirectly by higher hydrogen evolution in CV in the second circle and in
ec-STM observations by small clusters remaining on the substrate after Co disso-
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3.4 Conclusion

lution. Therefore, all investigations of Co on Au(111) were performed on a freshly
prepared sample.

The adjustment of a low bias voltage in the range of 20 mV as well as high
tunneling currents in the range of 5 nA ensure a vacuum-like gap between tip and
substrate. This is an imported aspect especially for sp-STM at the solid/liquid
interface.
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Chapter 4

Spin-polarized Scanning Tunneling
Microscopy

Spin-polarized scanning tunneling microscopy (sp-STM)
is a powerful tool to investigate magnetic properties of
magnetic surfaces [198] [46] and nanostructures [45] [151]
[172] in-situ with high lateral resolution. Magnetic prop-
erties of structures prepared at the solid/liquid interface
can be investigated in-situ by integral techniques like the
magneto-optical Kerr effect [2, 146, 161, 162] or alternat-
ing gradient field magnetometry [5, 33, 73].

In this chapter sp-STM at a solid/liquid interface is de-
scribed and further performed in order to simultaneously

investigate the structure and magnetization of electrochemically deposited magnetic
films. At the beginning, a theoretical background of sp-STM is given and different
modes of operation are introduced. Detailed descriptions can be found elsewhere
[23, 130, 199]. The implementation of a sp-STM setup, which was constructed as
part of this thesis, within the electrochemical cell is explained. In order to perform
stable sp-STM measurements magnetic sp-STM tips should meet some requirements.
First of all a vanishing magnetostriction effect is desired to prevent damage to the
magnetic tip and to enable sp-STM. In addition, a low coercive field strength of the
tip material is required. Detailed investigations on differing magnetic sp-STM tips
and their magnetic properties are presented in Section 4.3. Finally, electrochemi-
cally deposited Co on Au(111) is investigated by sp-STM as a model system using
the differential magnetic mode technique established by Wulfhekel and Kirschner
[202].
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4. SP-STM

4.1 Sp-STM - Theoretical Approach

Following the experimental work of Julliere in 1975 [100] and the theoretical predic-
tion of Slonczewski in 1989 [175] the magnetoresistance caused by the spin-polarized
conductance of a ferromagnet-insulator-ferromagnet (FMA-I-FMB) tunneling junc-
tion was investigated. Two ferromagnetic electrodes, FMA and FMB, separated by
an insulator I are schematically shown in Figure 4.1(a). In this model system the
total tunneling conductance G is given by

G = G0 · (1 + PA PB cos(θ)) = G0︸︷︷︸
1. term

+G0 PA PB cos(θ)︸ ︷︷ ︸
2. term

= G0 +Gsp (4.1)

The first term is a spin-averaged tunneling conductance, the second term describes
the spin-polarized conductance in dependence of the relative orientation between the
magnetizations θ. The dimensionless spin-polarization Pi of either of the electrodes
A or B depends on the spin-dependent ratio of the density of states ρi

Pi =
ρi ↑ − ρi ↓
ρi ↑ + ρi ↓

, i = A,B. (4.2)

According to Equation (4.1) the total conductance G = 1
R

shows a cosine dependence

due to the relative orientation of magnetization ~MA to magnetization ~MB between
both ferromagnetic electrodes FMA and FMB, as shown in Figure 4.1.

a b

θ [°]

-1
1

/R
 [
Ω

]

I II

θ=0° θ=180° θ=360°

MA

FMA- I -FMB

MB

FMA- I -FMB FMA- I -FMB

MA MB MA MB

Figure 4.1: (a) Ferromagnet-insulator-ferromagnet junction with variable angle θ be-
tween magnetization ~MA and magnetization ~MB of the two electrodes A and B. (b)
Investigations of the tunneling conductance G = 1

R reveal a cosine dependence due
to the relative orientation between the magnetizations expressed by the angle θ, see

Miyazaki and Tezuka [127].

The tunneling process in case of an antiparallel (θ = 180◦) or a parallel (θ =
0◦; 360◦) orientation of the magnetizations is illustrated in Figure 4.2. A simplified
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Figure 4.2: The schematic band structure for the 3d shell is pictured of two ferro-
magnetic electrodes FMA and FMB in (a) antiparallel and (b) parallel orientation
separated by an insulator I in between. Caused by an applied bias voltage a net tun-
neling current occurs. The total density of states is simplified and its splitting into
majority ↓ and minority ↑ states. Assuming that electron spin is conserved during
tunneling (ρA,↓ → ρB,↓ and ρA,↑ → ρB,↑), in parallel orientation a higher tunneling

current is measured.

band structure for the 3d shell of transition metals such as Ni, Co, and Fe is shown,
split into majority and minority band [185]. Both ferromagnetic electrodes FMA

and FMB are separated by an insulator I, for example Al2O3 [128] or a vacuum gap
[175]. A net magnetization of each electrode in direction of the minority spin results
from an imbalance between majority (ρmaj) and minority electrons (ρmin) , accord-
ing to the Stoner model [185], leading to the expression of band-ferromagnetism.
This model for spin-polarized tunneling assumes, that the electron spin is conserved
during the tunneling process, and that only electrons close to the Fermi edge (EF )
contribute to the tunneling current I. Therefore, a lower tunneling current Ia results
in case of an antiparallel orientation of the electrodes, compared to the tunneling
current of a parallel orientation Ip, thus Ia < Ip.

The total tunneling current I of the tunneling junction follows from Equa-
tion (4.1) for the total conductance G as

I = I0 · (1 + PA PB cos(θ)) = I0 + I0 PA PB cos(θ) = I0 + Isp, (4.3)

with the spin-average tunneling current I0 and the spin-polarized tunneling cur-
rent Isp. Thus, in case of an anti-/parallel orientation between both electrodes the
tunneling current equals

Isp =

{
Ia = I0 · (1− PA PB), for θ = 180◦

Ip = I0 · (1 + PA PB), for θ = 0◦
(4.4)
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Figure 4.3: Illustrated dependence of spin-polarized tunneling current on the alignment
of magnetization. (a) In full antiparallel (left)/ parallel (right) orientation between
tip electrode and sample electrode with θ =180◦/0◦. (b) Since sample magnetization
is tilted by α with respect to the surface normal, the difference between spin-polarized

tunneling currents Ia and Ip is lowered.

These orientations and the resulting tunneling current are illustrated in Fig-
ure 4.3(a), where the magnetic STM tip and the magnetic substrate act as ferro-
magnetic electrodes. In this example, an out-of-plane magnetization of the sample
is assumed along the surface normal ~a. The tip magnetization is also aligned along
~a. Thus, caused by the relative orientation of both magnetizations, the tunneling
current has a maximum value for orientation, and a minimum value for antiparallel
orientation. Deviations from the ideal case (anti-/parallel) leads to a decreasing
difference between both extreme values (minimum/maximum), which is illustrated
in Figure 4.3(b). When the magnetization of the sample is tilted by an angle of α
with respect to the surface normal ~a while the tip magnetization remains aligned
to ~a, a lowered magnitude of the spin-polarized component of the tunneling current
results. In a perpendicular orientation, the spin-polarized tunneling current equals
zero:

I = Ip = I0 · (1 + PA PB cos(α)) for −90◦ < θ < 90◦

I = Ia = I0 · (1− PA PB cos(α)) for 90◦ < θ < 270◦

I = I0; with Isp = 0 for θ = ±90◦
(4.5)

4.2 Sp-STM Implementation

Currently sp-STM is accomplished by three different modes of operation for inves-
tigating magnetic surfaces using magnetic tips. A short summary is given in this
section. More details are available in literature published by Bode [23], Wiesen-
danger, R. [199] and Hopster and Oepen [91], a more theoretical description can be
found in Wortmann et al. [200].
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4.2.1 Modes of Operation

An early example for sp-STM was demonstrated by Wiesendanger et al., using a
magnetic STM tip and STM in the constant-current mode to investigate a Cr(001)
surface [198]. Cr(001) is an anti-ferromagnet, where ferromagnetic terraces are sepa-
rated by atomic steps [21]. Since the STM tip magnetization is preserved throughout
the entire measurement, STM investigations correspond not only to the topography
of the Cr(001) surface, but also a spin-polarized component of the tunneling current
contributes. However, it is difficult to distinguish topographical from spin-polarized
information in this mode of operation. In order to extract the spin-polarized compo-
nent of the tunneling current, the difference between measurements with a magnetic
and a non-magnetic tip of the same surface area has to be determined. This is
experimentally challenging due to the volatility of the STM tip.

A separation between topographical and magnetic information during the same
measurement is an advantage of sp-STM in the spin-resolved spectroscopic mode as
well as in the differential magnetic mode.

The spin-resolved spectroscopic mode of sp-STM is realized by applying an AC-
component to the bias voltage Vb [199]. Since the modulation frequency of the
AC-bias voltage is significantly higher than the frequency of the feedback loop of
the STM setup, the observed time averaged tunneling current is kept constant at the
adjusted set-point. By lock-in technique at the modulation frequency, a modulated
component of tunneling current is investigated, which is proportional to the energy
resolved local density of states of a magnetic sample. Disadvantages of sp-STM in
spin-resolved spectroscopic mode are longer measurement times and a high volume
of data. In addition, a very stable STM set-up is required to prevent a drift between
STM tip and investigated sample.

Sp-STM in differential magnetic mode was first described by Johnson and Clarke
[98] and established by Wulfhekel and Kirschner [202]. Thereby, the tip magneti-

zation ~Mtip is manipulated by an external magnetic field of a coil that is located
around the tip. Via a modulated magnetic field the direction of the tip magnetiza-
tion ~Mtip is periodically switched between parallel or antiparallel orientation (θ = 0◦

or 180◦) with respect to the surface normal ~a. Using a magnetic tip, as illustrated
in Figure 4.3, the sp-STM setup is sensitive to sample magnetization in out-of-plane
direction ~Msub, where α 6= 90◦ with respect to the surface normal ~a. In-plane mag-
netized sample surfaces with α = 90◦ can only be investigated with STM tips where
the tip magnetization ~Mtip is aligned perpendicular to the surface normal ~a [168].
Since the tunneling current I depends locally on the orientation of tip magnetiza-
tion ~Mtip relative to the investigated surface magnetization ~Msub, modulating the

coil magnetic field causes a periodically manipulated tip magnetization ~M fmod
tip , and

therefore the spin-polarized component of the tunneling current Isp is modulated
along the same lines. This modulation is observable by the lock-in technique at the
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modulation frequency fmod, where the magnitude is given by the difference of the
tunneling current 4Ifmod

sp between the antiparallel and parallel orientation

4Ifmod
sp = Ip − Ia = 2 I0 Ptip Psample cos(α), (4.6)

which is proportional to the spin-polarization of the system tip/sample.

t

a

I=I0

a

b

c

t

t

z (I ) tip 0

Au
Co

Icoil

fmod

ΔIsp

fmod

Figure 4.4: Illustrated sp-STM in differential magnetic mode: (a) Tip magnetization
~Mfmod

tip is switched periodically by the magnetic field of a current modulated coil at the
modulation frequency fmod. (b) Time averaged tunneling current is equal to the set-
point in constant-current mode: I = I0. (c) The alternating magnetoresistance causes
a modulated spin-polarized component of the tunneling current at the modulation

frequency fmod. The detection of ∆Ifmod
sp is achieved by lock-in technique.

An illustration of sp-STM in differential magnetic mode is shown in Figure 4.4.
Operating the coil with a sinusoidal current at the modulation frequency Ifmod

coil ,
plotted in Figure 4.4(a), results in an alternating magnetic field at the modulation
frequency fmod. The magnetic field strength manipulates the tip magnetization,
thereby its direction is periodically switched at fmod between anti-/parallel orienta-
tion with respect to the surface normal ~a throughout the entire STM investigation,
which is illustrated in Figure 4.4(b). Since the applied modulation frequency fmod

of the coil, and therefore of the spin-polarized tunneling current, is higher than the
frequency of the STM feedback loop fSTM, the STM setup detects a time averaged
tunneling current I

I = I0, (4.7)

which is constant and equal to the selected tunneling current set-point. Sp-STM
in differential magnetic mode can also be applied to investigate sample topography
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4.2 Sp-STM Implementation

without including further information about spin-polarization, since topographical
information are observable by the time averaged I. According to the switching be-
tween antiparallel and parallel orientation with fmod, the spin-polarized component
of tunneling current Ifmod

sp is also modulated at this frequency. Since only ∆Ifmod
sp

depends on the surface magnetization ~Msub, the spin-polarized component can be
deconvoluted via lock-in technique at the modulation frequency fmod, 4.4(c), where
the phase adjustment of the lock-in is set to maximize the output.

The tunneling current of the sp-STM in the differential magnetic mode can be
described by two components

Itotal = I0 + Ifmod
sp . (4.8)

The fist term is the spin-averaged, and thus constant, component I0. The secondary
one is the spin-polarized component Ifmod

sp , which is related to the modulation fre-
quency fmod. In case of a sinusoidally modulated magnetic field, the resulting tip
magnetization depends on the magnetic properties of the tip material in use. This
topic is detailed further in Section 4.3.1.

4.2.2 Sp-STM Integration

In the present STM setup within the electrochemical cell, sp-STM in the differential
magnetic mode is implemented. Therefore, a selfmade coil 1 is permanently installed
centered around the end of the tip, as shown in Figure 4.5. The coil body is made
of aluminum, thereby it can be also used for electrical grounding. A thin insulated
copper cable 2 is wound around the center axis of the coil body. The upper part
of the coil (close to the scanner unit) and all four sides are magnetically shielded
by permalloy 3. In this way the influence of the magnetic field of the coil on the
STM setup is reduced. Additionally, stray magnetic field from the coil, and thus
an influence on the investigated substrate is minimized. A stainless steel cover
(electrically grounded) protects the coil from moisture and electrolyte splashes. A
direct contact between the aluminum coil body and the inserted STM tip is avoided
by a MACOR shield 4. Because of the permanently installed coil, only the STM
tips have to be prepared prior each measurement.

A schematic of the sp-STM setup implemented into the electrochemical environ-
ment is shown in Figure 4.6. The coil, installed permanently and connected at the
scanner unit, is operated with a frequency generator (FG) at a modulation frequency
higher than the frequency of the STM feedback loop fmod >> fSTM. A direct con-
tact between coil and electrolyte solution has to be avoided, in order to prevent a

1with length l = 3.5 mm and middle radius r = ro−ri
2 + ri = 2.65 mm, see Figure 4.5(b)

2250 µm in diameter, number of turns is N = 101.
3Permalloy is a magnetic alloy of Ni and Fe, which has a high magnetic permeability.
4MACOR is a kind of ceramic. Tube length l = 3 mm
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Figure 4.5: (a) Aluminum coil body.
The coil itself is made of copper wire
wounded around the center axis at
(1). Upper part and all four sides of
the coil (2) are magnetically shielded
by permalloy. The tip holder of the
STM setup (3) is introduced from the
top of the coil, where the coil body
is connected to the scanner unit. A
stainless steel cover (4) protects the
coil from the electrochemical environ-
ment. A magnetic STM tip passed
through a MACOR shield is inserted
through the center at the lower end
(5) of the coil into the tip holder. (b)
Sketch of the sp-STM setup with inte-

grated tip.
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scanner unit
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electric contact arising between STM tip and coil body. A spin-polarized component
of the tunneling current occurs located above a sample surface out-of plane mag-
netized caused by the manipulated STM tip magnetization. The detection of this
component is accomplished by lock-in technique at the modulation frequency fmod

by synchronizing the oscillator of the lock-in to the frequency generator. In addi-
tion to the typical STM information I(x, y), the lock-in information ∆Ifmode

sp (x, y) is
transmitted to the STM controlling unit (STM CU) using an auxiliary input chan-
nel. Further, the measured values I(x, y), z(x, y), and ∆Ifmod

sp (x, y) are transmitted
to a PC.

During operation the resistance of the coil increases due to resistive heating. To
avoid a decreasing magnetic field over time the coil is driven by a current source

Ifmod

coil = I0, coil · sin(2πfmod t). (4.9)

The magnetic field strength along the z-direction (center axis) generated by the coil
can be estimated as

H(z) = I0, coil
N

2l

 l
2

+ z√
r2 + ( l

2
+ z)2

+
l
2
− z√

r2 + ( l
2
− z)2

 . (4.10)

However, caused by the additional permalloy shields the actual magnetic field
strength of the coil is influenced. Same measurements for estimation using a Hall
probe are shown in Figure 4.13(a) of the following section.
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Figure 4.6: The already introduced STM setup within the electrochemical cell becomes
upgraded to a sp-STM setup by integration of a coil. The operation frequency fmod

is generated by a frequency generator (FG), which is also used to synchronized the
lock-in oscillator. Thus, signals of tunneling current at fmod can be detected and are

recorded in parallel to the STM investigations.

4.3 Magnetic Tips

In order to perform stable sp-STM measurements a magnetic sp-STM tip should
meet certain requirements. A very important point is a negligible magnetostriction
effect of the sp-STM tip in use to prevent damage to the tip arising from tip crashes
during magnetization modulation ~M fmod

tip by the external field. Magnetostriction is
an effect of second order [144], therefore it occurs at 2fmod. Furthermore, a low
coercive field strength of the tip material is required due to the required switching
of tip magnetization ~Mtip at sufficient low magnetic field strength.

Some theoretical principles of the magnetostriction effect are detailed in Sec-
tion 4.3.1. Two kinds of STM setups to observe tip magnetostriction are detailed in
Section 4.3.2. Various tip materials of interest are investigated initially by SQUID 1

and by STM-magnetostriction measurements in Section 4.3.3. Due to the required
potential in the range of −700 mV vs SCE sp-STM tips made of Ni and Co-rich
Co68,2Fe4,3Si12,5B15 (AC20) 2 are suitable choices for sp-STM at the solid/liquid
interface. One disadvantage of AC20 is that the actual composition at the tip apex
after etching is not guaranteed to be ferromagnetic since AC20 is an alloy.

1Superconducting QUantum Interference device
2Co68.2Fe4.3Si12.5B15 is a soft ferromagnetic and amorphous alloy produced by UNITIKA using

an ’In-Rotation-Water-Spinning Process’ [137].
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4.3.1 Magnetostriction

Different kinds of magnetostriction effects are known, here the Joule effect is dis-
cussed. The magnetostriction effect is a material property. First and foremost
ferromagnetic metals [6], rare-earth metals [144], alloys of these and material com-
positions where any of the aforementioned are present feature magnetostriction. The
magnetostriction coefficient λ is dimensionless and defined as

λ =
∆L

L
. (4.11)

The order of magnitude of the magnetostriction coefficient λ varies in a wide range
from 10−9 to 10−4. To get an idea of the dimension: in case of a sample rod of
10 cm this would correspond to length changes from 1 Å to 10 µm. Tailor-made
alloys of magnetic materials are optimized to show only vanishing magnetostriction
[56, 103, 138].

Magnetostriction originates from unpaired electrons, such as the 3d-electrons of
Fe ([Ar]3d64s2), Co ([Ar]3d74s2) and Ni ([Ar]3d84s2), contributing to magnetic
properties [112]. Within the metal crystal the electron spin and the movement of
the electrons cause magnetic fields. Because of the interaction of these magnetic
fields spins of different unpaired electrons close to each other align along the same
direction, with the orbitals behaving similarly if possible [52]. Groups of atoms
with the same alignment are arranged in domains of one magnetization direction.
In the presence of a strong external magnetic field the alignment occurs parallel
to the direction of this field for anti-/ferromagnetic and ferrimagnetic materials.
As a result the crystal structure extends laterally and reduces other dimensions in
case of positive magnetostriction. Negative magnetostriction is the identical but
inverted effect. Thus, instead of extension a contraction occurs. In both cases
the magnetostrictive volume is nearly preserved [52]. For a certain magnitude of
the external magnetic field, magnetostriction saturates to a corresponding value
λsat. Due to the alignments of spins and orbitals within a certain crystallographic
structure magnetostriction is an anisotropic effect and varies with crystallographic
directions.

λiii Fe Ni

λ100 20.7 · 10−6 −45.9 · 10−6

λ111 −21.2 · 10−6 −24.3 · 10−6

Table 4.1: Saturation magnetostrictions coefficient λsat of Ni and Fe single crystal are
given for two crystallographic directions (iii), from [112].

The magnitude of the saturated magnetostriction is summarized in Table 4.1 for
two crystallographic directions of Fe and Ni single crystals. A polycrystalline sample
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shows in all directions a net magnetostriction up to a saturation magnetostriction
depending on the external magnetic field strength. Table 4.2 presents the saturation
magnetostriction coefficient for polycrystalline materials.

material λsat reference

Co −62 · 10−6 [113]
Co68.2Fe4.3Si12.5B15 (AC20) −4 · 10−8 [49]

Fe −7 · 10−6 [113]
Fe3O4 40 · 10−6 [113]

Ni −33 · 10−6 [113]

Table 4.2: Saturation magnetostriction coefficients λsat for several polycrystalline ma-
terials.

L+ΔL

H

I
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y
z

L

a b

Figure 4.7: Illustration of a positive magnetostriction effect: A ferromagnetic rod is
placed inside a coil (a) not in operation and (b) in operation resulting in a magnetic
field. Groups of atoms with the same alignment are arranged in domains of magneti-
zation, sketched by ovals. Once a magnetic field is applied domains are arranged along
the external field, and thus an extension of ∆L is caused with concurrent reduction in
diameter. The effect depends on the magnitude of the field strength along the x-axis

and the magnetic properties of the magnetic rod under investigation.

The effect of magnetostriction is illustrated in Figure 4.7 by a ferromagnetic rod
with positive magnetostriction placed inside a coil. Without an external magnetic
field (the coil is not in operation) the ferromagnetic rod has a certain length L,
Figure 4.7(a). During operation of the coil the rod is elongated to L+∆L due to its
magnetic properties and with ∆L depending on the magnitude of the magnetic field
strength H. If the direction of the magnetic field strength is reversed from +Hx to
−Hx the magnetostriction does not change.
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The magnetostriction effect is an effect of second order, since it only depends
on the magnitude of the field strength along a certain axis up to the saturation
magnetostriction and not on the direction (±x) [144][6].
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Figure 4.8: (a) Illustrated saturation hys-

teresis loop (solid lines) Mn(Hx) = Mx(Hx)
Mx,sat

of a ferromagnetic rod and its correspond-
ing positive magnetostriction λn(Hx) =
λ(Hx)
λsat

(dashed lines). The saturation mag-
netostriction λsat occurs at both reversal
points due to the magnitude of Hx . A
minimum of λ occurs at the coercivity field
strength, where Mx = 0 and magnetostric-
tion vanishes. (b) When Hx is sinusoidally
modulated (c) the magnetization Mx con-
tinuously passes a hysteresis loop too, and
(d) a modulated magnetostriction occurs
with doubled frequency and with maxi-

mum λsat: f
sat
λ = 2fmod.
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Sweeping a magnetic field strength of magnitude |Hx| (which is high enough to

switch the easy axis of magnetization ~M of a rod from one direction (+Mx) to the
opposite direction (−Mx) and reverse) up and down (+Hx ↔ −Hx) results in a
completed hysteresis loop as illustrated in Figure 4.8(a). The saturation magneti-
zation Mx,sat is reached at both reversal points (±|Hx|) of the saturated hysteresis
loop. The minimum of the magnetostriction is reached at the coercive field strength,
Mx = 0. Therefore, a sinusoidal modulation of the magnetic field strength Hx(t),
as illustrated in Figure 4.8(b), leads to a modulated magnetization Mx(t) of the
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magnetic rod, Figure 4.8(c), and results in magnetostriction, as illustrated in Fig-
ure 4.8(d). Since the magnetostriction depends on the magnitude of the magnetic
field strength, the frequency of the magnetostriction f satλ becomes twice the modu-
lation frequency fmod when the saturation magnetostriction is reached

f satλ = 2 · fmod. (4.12)
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Figure 4.9: (a) Illustrated partial hystere-

sis loop (solid lines) Mn(Hx) = Mx(Hx)
Mx,sat

of
a ferromagnetic rod and its corresponding
magnetostriction λn(Hx) = λ(Hx)

λsat
(dashed

lines). A lower magnitude of Hx results in
a non-saturated magnetostriction λpart at
both reversal points without crossing the
coercive field strength, and thus, without
a minimum in between. (b) Therefore, a
sinusoidally modulated magnetizing force
Hx results in(c) a magnetization Mx pass-
ing only a part of the hysteresis loop. (d)
In this case a modulated magnetostriction
occurs at the same frequency fpartλ = fmod.

c

b

H
 x
[a

. 
u
.]

d

λ n
M

 
n

Mn down
Mn up

λ  downn
λ  upn

1

-1

1

-1

t [a.u.]

A hysteresis loop where the saturation magnetization Mx,sat is not reached leads
to a non-saturated magnetostriction effect, exemplarily illustrated in Figure 4.9(a).
The applied magnetic field strength Hx(t) does not overcome the coercive field
strength and causes a magnetization 0 < Mx(Hx) < Mx,sat which passes only
through a part of the hysteresis loop. Therefore, a non-saturated magnetostriction
effect is observed according to the partial hysteresis loop. The resulting frequency
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of the modulated magnetostriction fpartλ , sketched in figure 4.9(d), is the same as
the modulation frequency of the field strength induced by the coil fmod

fpartλ = fmod. (4.13)

Actually, the modulated magnetostriction of a magnetic STM tip inside a coil
depends on its magnetic properties and on the magnitude of the magnetic field
strength ~H. Thereby, the modulated magnetostriction can occur with 1fmod and
2fmod. The transition from 1fmod to 2fmod arises by intermediate states where the
total modulation of the magnetostriction is a superposition of modulations with
fmod and 2fmod. However, the actual magnitude of magnetostriction depends on
each prepared tip.

4.3.2 STM Setups to Observe Magnetostriction

Due to the fact that magnetostriction is an effect of small magnitude a sensitive setup
is necessary for detection. The exponential dependence of then tunneling current on
the tip-sample separation d in STM ensures the identification of magnetostriction
even in the range of some Ångstroms. Via a slight modification of the sp-STM
setup, the magnetostriction of the magnetic tip can be investigated directly. Some
similar concepts to investigate magnetostriction and to specify the magnetostriction
coefficient were explored previously [26, 42, 52]. In this case however, the STM tip
itself is the magnetostrictive and investigated sample.

Figure 4.10: Sketch of two STM se-
tups a and b with (1) the piezoelectric
element, (2) the coil for the required
magnetic field, (3) the tip made of the
investigated material, and (4) a non-
magnetic sample. (a) In setup a the
coil is positioned around upper end of
the tip. (b) In setup b the coil is po-
sitioned around the sample, and thus
around the tip apex during tunneling

contact.

23
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23
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1

ba

setup bsetup a

Two sp-STM setups allow probing of the magnetostriction effects of various tip
materials, see Figure 4.10. Setup a , where a coil is positioned around the upper end
of the tip, is used for tips made of one magnetic metal/alloy over the entire length
such as pure Ni or AC20 tips. In contrast, in setup b the coil is positioned around
the tip apex and the substrate. Setup b is constructed to investigate Au tips, which
are electrochemically coated with a thin layer of Ni. In this way a magnetic field is
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ensured at the position of the magnetostrictive material, since no such field would
be propagated by diamagnetic Au.

Investigations of magnetostriction are accomplished by operating the coil dur-
ing STM measurements. A sinusoidally modulated current Ifmod

coil causes an equally
modulated magnetostriction effect of the magnetic tip in use. An illustration of a
negative magnetostriction measurement is shown in Figure 4.11.
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Figure 4.11: Sketch of a scanning tip
with a negative magnetostriction ef-
fect. During the STM measurement
the magnetic field of the coil is modu-
lated by Ifmod

coil . Caused by the mag-
netostriction the STM control read-
justs the changing tip-sample separa-
tion ∆L→ ∆d→ ztip to keep the tun-

neling current I0 constant.

The modulation current Ifmod

coil of the coil at fmod is recorded simultaneously to
STM measurements. By using STM in the constant-current mode and applying a
low modulation frequency fmod =7.13 Hz to Icoil far below the operation frequency of
the STM feedback control, all changes in tip-sample separation d caused by magne-
tostriction ∆L are directly compensated → ztip . A magnetostriction measurement
such as sketched in Figure 4.11 is only possible if the saturation magnetization is
reached at both magnetic field directions, see Figure 4.8. In case of a negative mag-
netostriction effect the maximum tip length is reached with zero magnetization of
the tip at the coercive field strength.

Via the applied current |I0, coil| the resulting magnetic field strength can be cal-
culated for each coil. In such a STM measurement both the modulation of the mag-
netic field as well as the corresponding magnetostriction effect are detected, since
the resulting topographical STM image contains the magnetostrictive information
of the magnetic tip. Therefore, the investigated substrate should be a single crystal
featuring large, atomically flat terraces to visualize the magnetostriction clearly.

For a clear presentation, where the magnetostriction signal is easily observed in
the topographical STM image, the modulation frequency fmod and the STM scan
rate (STM scan line per second, fSTM) have to be attuned to each other. Using the
known STM scan rate the x-axis and y-axis can be converted into time scale, which
makes comparing different measurements easier.

Coil Magnetic Field

The magnetic field strength of each coil (setup a and setup b) is calculated.
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Figure 4.12: Shown is the magnetic field strength of the coil versus the adjusted mod-
ulation voltage Umod for (a) setup a. Here the magnetic field strength is calculated
for the centre of the coil, where the magnetic tip goes along (marked by the aster-
isk within the sketch). For (b) setup b the magnetic field strength is calculated for
the position of the tip apex (marked by the asterisk within the sketch), where the

magnetostrictive material of the NiAu tips is located.

According to Equation (4.14), the magnetic field strength H of setup a is plotted
versus the adjusted modulation current I0, coil in Figure 4.12(a). Thereby, H is
calculated for the center of the coil (marked by the asterisk), where the magnetic
STM tip is positioned, and thus its magnetization is modulated. The magnetization
of the tip is switched by the coil positioned at the upper end of the tip. It is assumed
that the magnetic field is provided by the entirety of the tip from upper part to tip
apex [205]. The required modulation current I0, coil and hence the magnetic field
strength should be as low as possible in order to prevent influences on the surface
produced by magnetic stray fields from the coil.

l

ro

ri

r

Hz, setup a =
N · Umod

R

2
√
r2 · ( l

2
)2

(4.14)

with R = 2.4 Ω,

N = 101,

l = 3.5 mm,

r =
ro − ri

2
+ ri = 2.65 mm.

The calculated magnetic field strength for setup b is plotted in Figure 4.12(b)
versus the adjusted current I0, coil, according to Equation (4.15). Here, the magnetic
field strength is calculated for a position inside the coil but only a = 2.5 mm from
the coil edge away. At this position the tip apex is supposed to be in tunneling
contact to the substrate during STM magnetostriction measurements.
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Hz, setup b =
N · Umod

R

2 · l
·

(
l − a√

r2 + (l − a)2
+

a√
r2 + (a)2

)
(4.15)

with R = 2.4 Ω,

N = 143,

l = 10 mm,

r =
ro − ri

2
+ ri = 7.75 mm,

a = 2.5 mm.

In setup a the influence of magnetic stray fields on an investigated magnetic
surface is minimized by the construction. In contrast, in setup b the surface mag-
netization would be influenced by the same magnetic field strength as the tip apex,
since both are positioned inside the coil.
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Figure 4.13: Measurements are done with a Hall probe directly located at the illustrated
position (a) Magnetic field in dependence of the applied current I0,coil is measured
at the coil cover (gray) an at a distance of 5 mm (black), where the tip apex would
be situated. (b) The magnetic field is measured at the tip apex of an inserted Au
(light gray) or AC20 tip (dark gray), both positioned 5 mm from the coil cover. (c)
The difference between the measurements ∆(AC20,no tip) reveals a ferromagnetic

behavior of AC20 as well as a diamagnetic behavior of Au by ∆(Au,no tip).

In Figure 4.13 magnetic fields of setup a are measured for different sceneries
using a Hall probe. The values are plotted versus the applied current I0, coil. Ini-
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tially, for measurements shown in Figure 4.13(a), no tip is mounted on the STM
scanner unit. These measurements are either taken directly at the coil cover or at a
distance z = 5 mm where the tip apex would normally be positioned. According to
Equation (4.10) the magnetic field strength increases linearly with increasing current
I0,coil at both positions, but decreases with increasing distance z from the coil. Com-
parative measurements with an inserted Au tip or magnetic AC20 tip are plotted in
Figure 4.13(b), each tip was 5 mm in length and the magnetic field was measured
directly at the tip apex. In case of the magnetic AC20 tip a significantly higher
magnetic field is observed. This implies, that the magnetic field is promoted by the
magnetic AC20 tips contrary to the diamagnetic Au tip. The diamagnetic behavior
of an Au tip is reflected by the difference ∆(Au, no tip) between the measurements
with an Au tip and with no inserted tip, Figure 4.13(c). The typically ferromagnetic
behavior of the magnetic AC20 tips is observed by the difference ∆(AC20, no tip)
between the measurements with an AC20 tip and with no inserted tip.

These observations underline that magnetostriction measurements of Ni coated
Au-tips have to be investigated by setup b, since diamagnetic Au tips reduce the
actual magnetic field at the tip apex.

4.3.3 Investigation of Magnetostriction

As mentioned before, sp-STM requires magnetic STM-tips with vanishing magne-
tostriction and low coercivity. STM tips made from AC20, pure Ni, and Ni coated
Au-tips (NiAu) were investigated.

The magnetic properties of the different tip materials are of great importance
for sp-STM. Therefore, all tip materials are initially characterized by SQUID mea-
surements.

Furthermore, magnetostriction of the different tip materials is investigated by
the introduced STM setups a and b.

SQUID Investigation of Different Tip Materials

SQUID measurements for AC20, pure Ni, and electrochemically deposited Ni on
Au with ∼ 350 nm, 700 nm and 1400 nm layer thickness are shown in Figure 4.14.
Ni coated Au tips are fabricated by electrochemically depositing Ni from a Ni-rich
bath (see A.2 for further information) within an electrochemical setup configuration
of three electrodes (SCE as RE, pure Ni wire as CE, and the Au tip as WE).
The deposited Ni thickness is estimated by measuring the charge transfer at the
submerged Au tip surface area.

As expected, SQUID measurements for all samples show ferromagnetic hysteresis
loops. For pure Ni and AC20 the measured magnetization is normalized to the
volume of the investigated material.
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Figure 4.14: SQUID measurements of the hysteresis loops of (a) Co68.2Fe4.3Si12.5B15

(AC20) wire, (c) pure Ni wire, and (e) deposited Ni on an Au wire with various
coating thicknesses. (b, d and f) Close-ups of the hysteresis loops in a lower range

of the magnetic field strength H.
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In case of NiAu350, NiAu700, and NiAu1400, the magnetization is presented as
measured without normalization to magnetic volume, since the actual volume of the
deposited material can only be estimated rather poorly. Therefore, the measured
saturation magnetization of NiAu samples increases nearly linearly with increasing
layer thickness, while the width of the hysteresis loop decreases.

Compared to all others, AC20 shows a nearly rectangular hysteresis loop, which
indicates a ’soft’ ferromagnet. The change from one magnetization direction to the
other along the z-axis occurs within a small range and the saturation magnetization
of the AC20 sample is already reached at H < 50 Oe.

The coercive field strength Hc of AC20 is in the range of 1 Oe and thus signif-
icantly lower than the coercive field strength Hc of pure Ni with 35 Oe and of the
deposited Ni on Au ranging between 90 Oe and 20 Oe. Attention should be given to
a significantly higher coercivity which is observed for thinner Ni films. The coerciv-
ity can be increased for Ni and NiAu tips by thermal treatment (not shown). But,
alloy formation and oxidation degrade the quality of such tips.

AC20 Ni NiAu350 NiAu700 NiAu1400
HC 1 Oe 28 Oe 90 Oe 29 Oe 12 Oe

Table 4.3: Coercivity of the investigated tip materials measured by SQUID.

Magnetostriction Measurements

All investigated magnetic STM tips are made by electrochemical etching within a
lamella of acid, as illustrated in Section 3.2.2. NiAu tips are additionally electro-
chemically treated.

A typical magnetostriction measurement of an AC20 tip (setup a), is shown in
Figure 4.15. The magnetic field is sinusoidally modulated and measured indirectly
by recording (U fmod

0,coil = Ifmod

0,coil · Rcoil) at the coil via the STM’s auxiliary channel.
Due to the low applied modulation frequency fmod = 7.13 Hz and a scan rate of
fSTM = 1.42 Hz this magnetic field modulation becomes visible as a regular pattern,
as observed in Figure 4.15(a). Besides topographical information of the Au(111)
surface displaying some terraces separated by monatomic steps, an additional mod-
ulation is observed within the STM image caused by the magnetostrictive AC20
tip, see Figure 4.15(b). Two corresponding profiles of the field modulation and the
topography are displayed (dashed arrows) for comparison, plotted in Figure 4.15(c
& d). Besides the magnetostriction effect of the tip, an Au(111) step edge with
aAu = 2.4 Å is observed. Both corresponding profiles underline that AC20 magne-
tostriction occurs at fλ = 2fmod. For AC20 the zero-crossing is nearly equal to the
low coercive field strength as measured by SQUID (Figure 4.14(a)). Peaks corre-
sponding to the zero-crossing of the field modulation occur within the topographical
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Figure 4.15: (a) The sinusoidal modulation of the coil is equal to the modulation
of the magnetic field and is recorded by the auxiliary input of the STM setup. A
regular pattern is observed caused by the low modulation frequency fmod = 7.13 Hz
and the STM scan rate fSTM = 1.42 Hz . (b) The corresponding topographic STM
image also shows the regular modulated pattern in addition to the Au(111) terraces.
Two blue lines highlight the correlation. The dashed arrows indicate profiles which
are shown in (c & d). (c) The magnetic field is clearly sinusoidally modulated with a
magnitude of 33 Oe. The zero-crossing is similar to the coercive field strength of AC20
(see SQUID measurement). Therefore, at this points the negative magnetostrictive
tip has its maximum length and the STM control has to retract from the surface
to keep I0 constant. (d) Peaks corresponding to the zero-crossing occur within the

topographical profile, marked by the red arrows.
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profile, which are marked by red arrows in Figure 4.15 (d). At these points, the
negative magnetostrictive tip has its maximum length and the STM control has to
retract the scanning piezo from the Au(111) surface to keep the tunneling current
I0 constant.

Compared to the simulated magnetostriction effect in Figures 4.8 and 4.9 and
supported by the SQUID measurement, Figure 4.14(a), a magnetic field of 33 Oe is
sufficient to switch the AC20 tip magnetization and to cause a saturated magne-
tostriction of the AC20 tip.
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Figure 4.16: I0 = 4 nA; EWE = −219 mV (Au(111)); Etip = −374 mV (AC20);
fmod = 7.13 Hz; fSTM = 1.42 Hz (STM scan rate). (a)-(e) Series of STM measure-
ments: the magnetostriction of an AC20 tip is shown for increasing magnetic fields.
These measurements are taken with setup a . The insets show the modulation of the
coil. Correlated to the topographical image, two dashed lines exemplarily mark max-
imum field strength. Due to the higher magnetic fields the magnetostriction signal
develops from a modulation at 1fmod (a) to a signal at 2fmod (e). In (f) all magni-
tudes of the magnetostriction from figure (a) to (e) are summarized for comparison.

The transition to a signal at 2fmod is observable.

In Figure 4.16(a-e) the development of the AC20 magnetostriction is investigated
by a sequence of STM measurements of the same Au(111) surface area at increasing
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magnetic field. The topographical STM images with inserted corresponding mod-
ulation of the magnetic field are shown, their correlation being highlighted by two
lines at maximum field strength. Superimposed onto the topographical information
the magnetostriction effect of the AC20 tip is clearly visible. Cross sections along
the x-axis are taken (white dashed lines) and summarized in Figure 4.16(f) for a bet-
ter comparison between the different magnetostrictive magnitudes. The frequency
of all magnitudes corresponds to the sinusoidal modulation of the coil. By apply-
ing a higher magnetic field the frequency of the magnetostriction becomes twice
the modulation frequency fλ → 2fmod and the magnitude decreases. This becomes
obvious comparing profiles (a) and (e). With a magnitude of ∆L ≈ 2 Å the total
saturated magnetostriction of the AC20 tip is of the same order as a monatomic
Au(111) step. Since the profile (d) at 25 Oe is similar to (e) at 33 Oe, a magnetic
field strength of 33 Oe seems to be high enough to switch the tip magnetization of
the entire tip. This behavior is reasonable compared to the SQUID measurement of
AC20, Figure 4.14(b).

Further magnetostriction measurements are presented in the same way as in
Figure 4.16(f), the magnitude of magnetostriction is plotted versus the distance (x-
axis). Thereby, the magnetostriction of NiAu tips is measured by STM setup b,
where the coil is located around the substrate and thus around the tip apex. In Fig-
ure 4.17(a-c) the magnetostriction investigations for a NiAu175, a NiAu350, and a
NiAu700 tip are plotted, respectively. The magnetostriction measurement for AC20
is shown in Figure 4.17(d) for comparison. Although the magnitude of the magne-
tostriction of the NiAu175 tip is in the range of the previously investigated AC20
tip, much larger magnetic field strengths are required to observe a magnetostriction
at 2fmod. With increasing thickness of the deposited Ni layer the required magnetic
field strength decreases, but on the other hand the magnitude of the magnetostric-
tion increases up to about 20 Å for the NiAu700 tip. With regard to the SQUID
measurements the observed behavior is reasonable, since the thinner Ni layers show
a higher coercivity. The thicker coated NiAu tips show a larger magnetostriction
caused by the thickness of the magnetostrictive layer

Magnetostriction of a pure Ni tip is measured with setup a and is shown in
Figure 4.18. The observed elongation of the pure Ni tip amounts to about 800 Å
and thus much higher than of all other investigated tip materials. The setup in
this case however is at its limit, since the actual magnetostrictive material length
is in the range of 15 mm and the magnetostriction coefficient is very large. Thus,
magnetostriction measurements at higher magnetic fields in order to reach the sat-
uration magnetostriction are not possible. However, such kind of measurements are
not useful either, since from the already observed large magnetostriction it is clear
that pure Ni tips are not suitable for sp-STM measurements.

Comparable magnetostriction measurements with Au tips at a low modulation
frequency show neither a modulation in height with 1fmod nor with 2fmod, therefore
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Figure 4.18: The magnetostriction of
a Ni tip is measured with setup a .
For comparison with measurements at
different modulation frequencies, the
magnitude is plotted versus x · fmod.
The magnitude of the magnetostric-
tive tip increases up to 800 Å with in-

creasing magnetic field strengths.
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effects of the STM setups on the STM magnetostriction measurement can be ruled
out.

Magnetic sp-STM tips are exclusively made of an AC20 wire, which is 125 µm
in diameter, since it is a soft ferromagnetic and amorphous alloy [40] with a low
negative magnetostriction −4 · 10−8 and a low coercivity in the range of 1 Oe.

Since the STM tip holder at the scanner unit is designed for tips with 250 µm in
diameter, magnetic AC20 tips for sp-STM consist of two parts, glued together by
conductive silver paint. The upper part, which is mounted on the scanner unit, is
made of pure Au wire. The lower part, near to the investigated sample surface, is
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an electrochemically etched AC20 tip made of the thinner magnetic wire.
The electrochemical etching of these sp-STM tips and all further preparation

steps have been detailed and illustrated in Section 3.2.2. For AC20 tip preparation
an etching voltage of 2.4 V is used. It is important to attach a pull down weight
to the AC20 wire, because otherwise no drop-off would occur. This would result in
continued etching and therefore dull tips.

4.3.4 Magnetostriction at High Modulation Frequency

Sp-STM investigations at the solid/liquid interface on magnetic samples are accom-
plished with setup a using high modulation frequencies above the cut-off-frequency
of the STM setup (fmod � fcut-off ≈ 20 kHz). The modulation of the tip-surface
distance d, caused by magnetostrictive effects, generates modulated components of
the tunneling current at 1fmod and 2fmod. A suitable tip made of AC20 reduces
the magnetostrictively modulated component of the tunneling current to a 2fmod

component, which does not affect sp-STM measurements. Because of its magnetic
properties AC20 is commonly used as a material for tips in sp-STM at solid/vacuum
interfaces [46, 168, 202, 203].

An example for a STM investigation on an Au(111) surface using a magnetic
AC20 tip is shown in Figure 4.19 during modulation with fmod . During this measure-
ment the magnetic field of setup a is modulated at a frequency of fmod = 52.137 kHz
above the cut-off-frequency of the STM. The resulting topography z(x, y) Fig-
ure 4.19(a)), the averaged tunneling current I(x, y) (Figure 4.19(b)), and the ob-
served modulated component of the tunneling current at fmod are recorded (Fig-
ure 4.19(c)). Both signals I(x, y) and z(x, y) occurs in high quality caused by the
vanishing magnetostriction of the modulated magnetic AC20 tip, the herringbone
structured Au(111) surface is also observable. I(x, y) is constant during the entire
sp-STM measurement. Only at Au(111) step edges peak-like increasing or decreas-
ing signals are observed. This is quite as expected, a change in tip-sample distance d
at step edges has to be recognized by the STM feedback loop, which adjusts the
separation. Since a steeply increasing signal is a superposition of signals at higher
frequencies, an abrupt rising signal in I at step edges is also observed by lock-in
technique at fmod. Thereby, step edges without spin-polarized origin are displayed
in the lock-in signal ∆Ifmod alongside the constant signal above Au(111) terraces.
These unavoidable artifacts are observed in ∆Ifmod at every abrupt change in height,
therefore flat sample areas are preferred for investigation.

It is important to note that the scan rate of the STM should be adjusted to
about 0.9 Hz in order to obtain a lateral resolution in ∆Ifmod comparable to the
topographical STM image. This is observed in Figure 4.19(c) at step edges, which
are extended compared to the corresponding observation in Figure 4.19(a). Thereby,
a slower scan rate combined with a higher time constant minimizes the signal noise.
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Figure 4.19: STM measurement on Au(111) using an AC20 tip during modulation
with fmod above the cut-off-frequency of the STM. I0 = 1.5 nA EWE = −715 mV
(Au(111)); Etip,AC20 = −700 mV (AC20); fmod = 52.137 kHz; fSTM = 1.3 Hz (STM
scan rate). (a) Topography ztip(x, y). Au(111) terraces and step edges are clearly
observed. (b) Constant-current I(x, y) normalized to the setpoint I0.
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constructions of the Au(111) surface are observed and spikes in the tunneling current
can be attributed to step edges. (c) Lock-in signal at fmod with time constant 1 ms.
At step edges signal peaks are observed corresponding to the tunneling current signal
at higher frequencies. To reduce noise in signal as well as to improve resolution, the
time constant of the lock-in should be set to 3 ms, and thus fSTM should be adjusted

to around 0.9 Hz.

For further measurements the time constant of the lock-in is adjusted to 3 ms.

Any signal caused by magnetostriction at high modulation frequencies persists
throughout the whole STM measurement as long as the coil/magnetic field is in
operation. Therefore, the tip-surface distance d and the time integrated tunneling
current I are adjusted to a mean position by the STM in order to keep the tunneling
current constant at the setpoint value I0. However, this effect cannot account for
any contrast between a magnetic and a non-magnetic surface.
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4.4 Sp-STM on Co/Au(111) at the Solid/Liquid

Interface

Sp-STM at the solid/liquid interface provides the opportunity to investigate mag-
netism of extended Co(0001) islands on Au(111). Electrochemical Co deposition
and the resulting morphology of deposited Co on Au(111) were already discussed
in Sections 2.4 and 3.3. AC20 tips are used exclusively in the lower potential range
around −370 mV with respect to the SHE, since in higher potentials they would
react electrochemically and be destroyed. Due to hydrogen evolution it is possible
that a higher faradaic current arises at the tip. Therefore, it is very important to
keep the bare tip surface exposed to the electrolyte as small as possible.

Initially the magnetic behaviors of Co bulk and thin Co films are summa-
rized. Furthermore, sp-STM investigations on the model system Co/Au(111) at
the solid/liquid interface are shown. These observations are compared to sp-STM
control experiments, where a common STM Au tip is utilized instead of a ferromag-
netic AC20 tip.

4.4.1 Magnetic Behavior of Co/Au(111)

The easy axis of magnetization for a hcp Co single crystals points along its 〈0001〉
direction, as illustrate in Figure 4.20(a). However, at the (0001) surface the mag-
netization is directed in-plane, perpendicular to the surface normal ~a. The evolving
magnetic domains are separated by Bloch walls which entail a localized out-of-plane
rotation of the magnetization axis [46, 185, 192]. Such a closure domain pattern at
the Co(0001) surface gives the impression of fractal structures observable by scan-
ning electron microscopy with polarization analysis [192] and sp-STM in UHV [46].

In contrast, thin films of Co grown on Au(111) show a rotation of the easy mag-
netization axis parallel to the surface normal ~a (out-of-plane) [2, 97, 135, 139, 150].
This magnetic behavior of Co thin films is a consequence of the magnetocrystalline
anisotropy [184, 195]. A detailed introduction into this topic of magnetocrystalline
anisotropy as well as further information can be found elsewhere [35, 69, 185].

The orientation of the easy magnetization axis of Co films from out-of-plane ~M‖
to in-plane direction ~M⊥ occurs with increasing layer thickness. It has been reported
to occur at room temperature around 1.5 ML Co coverage for electrodeposited Co
[2] and around 4.3 ML Co coverage for evaporated Co [97, 135, 139, 150]. The
correlation between magnetization and nominal coverage is problematic, since the
magnetization ~M of Co in this ultralow coverage regime is strongly correlated to
the growth process and the morphology. Differing results in previous literature
demonstrate this problem.

However, magnetic properties of structures prepared at the solid/liquid interface
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Figure 4.20: (a) Model of a hcp Co single crystal in cross section with Co〈0001〉 direc-
tion parallel to the z-axis, where the easy axis of magnetization ~M = ~M‖ is arranged

along. At the Co(0001) surface magnetization is in-plane ~M = ~M⊥, perpendicular
to the surface normal ~a. (b) In contrast, thin films of Co grown on Au(111) show
out-of plane magnetization ~M = ~M‖ at the surface, parallel to ~a. A spin reorientation

transition from out-of-plane to in-plane magnetization ~M‖ → ~M⊥ at the Co(0001)
surface occurs at higher Co layer thickness.

and in UHV can be investigated ex-situ, utilizing capping layers to protect the
magnetic structure from degradation [28, 29, 34, 79, 80, 140, 149, 187, 206]. It
is unsuitable to compare those magnetization investigations to uncapped samples
measured in-situ, since capping layers cause additional interface effects influencing
the magnetic behavior [195].

These in-situ investigations at the liquid/solid interface are accomplished by inte-
gral techniques like the magneto-optical Kerr effect (MOKE) [2, 146, 161, 162] with
a resolution of about 400 nm or alternating gradient field magnetometry (AGFM),
which gives integrated results of the sample [5, 33, 73]. Measurements of the magne-
tization of individual structures have been achieved so far only at the solid/vacuum
interface. Locally resolved measurements at the liquid/solid interface are required
to investigate magnetization of structures with well-defined height and morphology.

4.4.2 Experiment

A surface area is chosen for sp-STM investigation covered up to 50 % with partially
connected Co islands on adjacent Au(111) terraces. These extended Co island are
up to 4 atomic layers (AL) high. Thus, a mixed surface with ferromagnetic and

diamagnetic areas is prepared where one expects out-of-plane magnetization ~M‖ at
Co sites and no magnetization at pristine Au(111).

In Figure 4.21(a) such an area under investigation is shown in a the topographi-
cal image of a sp-STM measurement. Exemplarily, two selected topographic profiles
are indicated and plotted in Figure 4.21(b). The upper profile (gray) is taken across
monatomic Au/Au step edges each (2.4± 0.2) Å in height, which act as reference.
The lower profile (black) crosses over a Co/Au step edge of 3 AL =̂ (5.3± 0.3) Å
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Figure 4.21: Sp-STM of Co/Au(111): I0 = 6 nA; EWE = −351 mV; Etip,AC20 =
−369 mV; fmod = 59.7 kHz. (a) Topography of deposited Co (blue), up to 4 AL high
on Au(111). (b) Profiles along the dashed arrows shown in (a) of single atomic Au/Au
step edges, each (2.4± 0.2) Å, and a Co/Au step edge of 3 AL =̂ (5.3± 0.3) Å. (c)
Simultaneously measured spin-polarized component of the tunneling current at fmod:
∆Ifmod

sp . A contrast between Co and Au areas is observed caused by Psample,Au = 0
and Psample,Co 6= 0. (d) Corresponding profiles along the dashed arrows shown in
(c). The data is normalized to I0 and an offset is subtracted for clarity: Au/Au
crossover shows no difference in signal. At the Au/Co crossover a difference in signal
of ∆(3.2± 0.7) · 10−4 is observed. Artifacts at step edges result from a response of

the STM feedback loop in the CCM.
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with respect to the underlying Au(111). During this sp-STM investigation at the
solid/liquid interface the coil around the AC20 tip end is modulated at a frequency
fmod = 59.7 kHz, which is significantly above the cut-off frequency of the STM feed-
back loop (20 kHz). The topographical profiles plotted in Figure 4.21(b) demonstrate
clearly that STM investigations are not influenced by the modulated magnetic field
caused by the coil of the sp-STM setup.

The magnetic information is measured simultaneously via lock-in technique at
fmod = 59.7 Hz using a time constant of 3 ms. The resulting magnetization map of
the investigated sample is displayed in Figure 4.21(c) representing the magnitude of

the ratio
∆I

fmod
sp

I0
at fmod. According to Equation (4.6) this ratio is proportional to

the combined spin-polarization PtipPsample.

In this lock-in image a sharp contrast between extended Co islands and the
remaining Au(111) terraces is observed, whereby the blue highlighted Co area on
Au within the topographical STM image is congruent with the darker area of the
lock-in image. Both indicated magnetic profiles in Figure 4.21(c) correspond to the
ones in the topographical image, and they are plotted in Figure 4.21(d). There,
the lock-in data ∆Ifmod

sp is normalized to the setpoint of the tunneling current in

constant-current mode I = I0 = 6 nA, and in addition an offset is subtracted for
clarity.
No change in signal is observed when single atomic Au/Au step edges are traversed:
∆I

fmod
sp

I0
(Au/Au) = ∆(0.0± 0.4) · 10−4. Only at the step edges an increase in signal

magnitude is observed (marked by gray arrows) caused by the response of the STM
feedback loop. Within the exemplary profile across the Au/Co step edge a significant

difference
∆I

fmod
sp

I0
(Au/Co) = ∆(3.2± 0.7) · 10−4 in signal between Au and Co area is

observed, which leads to the contrast in the lock-in image.

This contrast results from a difference in magnitude of the measured modulated
component Ifmod

sp of the tunneling current on top of the ferromagnetic Co and the
diamagnetic Au surface, respectively. One does not expect a spin-polarized tunneling
current at the bare Au(111) surface, since the spin-polarization of the Au(111)

surface is Psample,Au = 0. However, the magnetization ~M‖ parallel to the surface
normal ~a at the Co area (Psample,Co 6= 0) leads to a measurable contrast. Therefore,
this observed Co/Au contrast depends on a differing ferromagnetic/diamagnetic
surface, not on topography, except for some artifacts at step edges which do not
result from spin-polarization. These are related to the response of the STM feedback
loop in the constant-current mode.

In a further sp-STM measurement a larger sample area is investigated in de-
tail, as displayed in Figure 4.22(a), starting again with the topographical sp-STM
image. Deposited Co is highlighted in blue as a guide to the eyes. The indicated
profiles in Figure 4.22(a) along the white dashed lines are shown in Figure 4.22(b
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Figure 4.22: Large scale sp-STM of Co/Au(111) with an AC20 tip: I0 = 6 nA; EWE =
−351 mV; Etip,AC20 = −369 mV; fmod = 59.7 kHz. (a) Topographical STM image of
deposited Co (highlighted in blue, up to 4 AL, partially indicated by Roman numerals)
on Au(111). (b & c) Topographic profiles along the arrows shown in (a) across Co/Au
step edges of 2 AL =̂ (3.4± 0.4) Å and 3 AL =̂ (5.5± 0.3) Å with respect to the Au(111)
terrace underneath. These observations demonstrate that the modulation required for

sp-STM does not have an impact on topographical information.

& c). They correspond to Co/Au step edges of 2 AL =̂ (3.4± 0.4) Å (profile 1) and
3 AL =̂ (5.5± 0.3) Å (profile 2) with respect to the underlying Au(111) terrace, re-
spectively.

The corresponding magnetic image to the large scale topographical STM image
of deposited Co on Au(111), Figure 4.22, is shown in Figure 4.23(a) displaying the
simultaneously measured spin-polarized component of the tunneling current ∆Ifmod

sp

at fmod = 59.7 kHz. Here a major contrast between Co and Au areas is also obvious,
as observed in the close-up sp-STM measurement above caused by the different spin-
polarization Psample,Co 6= Psample,Au = 0. Additionally, a slightly different signal is
measured within the extended Co island between areas of 2 AL and 3 AL in height.
To illustrate this observation more clearly two exemplary profiles across Co/Au step
edges of 2 AL (profile 1) and 3 AL (profile 2) with respect to the Au(111) terrace
are selected in the lock-in image, see Figure 4.23(b & c). In these profiles a signal
difference ∆(3.1± 0.7) · 10−4 is measured for Co/Au 2 AL and ∆(3.3± 0.7) · 10−4

for Co/Au 3 AL.

The uncertainties of the measured values are minimized upon averaging mul-
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Figure 4.23: Large scale sp-STM of Co/Au(111), corresponding ∆Ifmod
sp : I0 = 6 nA;

EWE = −351 mV; Etip,AC20 = −369 mV; fmod = 59.7 kHz. (a) Simultaneously
measured spin-polarized component of the tunneling current at fmod. A clear contrast
between Co and Au areas is observed, caused by the spin-polarized tunneling current
Ifmod
sp . Additionally, a low contrast between 2 AL and 3 AL Co is observed within the

extended Co island, exemplarily indicated by Roman numerals. Artifacts at step edges
result from a response of the STM feedback loop in the constant-current mode. (b
& c) Corresponding magnetic profiles across Co/Au step edges indicated in (a). The
data is normalized to I0 and an offset is subtracted for clarity: for Co/Au 2 AL here the
difference in value is ∆(3.1± 0.7) · 10−4 and for Co/Au 3 AL it is ∆(3.3± 0.7) · 10−4,

as displayed by the linear fits (gray lines).

tiple profiles across such Co/Au step edges. Thus, a difference in ratio
∆I

fmod
sp

I0
is

observed of ∆(2.92± 0.30) · 10−4 for 2 AL step edges and ∆(3.15± 0.31) · 10−4 for
3 AL Co/Au step edges. These differences can be observed by a low contrast within
the Co area, Figure 4.23(a), even though it is close to the current resolution of the
measurement, given by the lock-in sensitivity. This observation indicates, that the
alignment of magnetization ~M with respect to the surface normal ~a depends on the
actual Co layer thickness.

To verify the sp-STM measurements on Co/Au(111), control experiments are
done using pure and non-magnetic Au tips instead of magnetic AC20 tips, but
under similar sp-STM setup conditions. Thus, the coil around the Au tip end
generates a modulated magnetic field as described above. Since the Au tip is dia-
magnetic its spin-polarization is Ptip, Au = 0, therefore according to Equation (4.6)
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Figure 4.24: Sp-STM control experiment at Co/Au(111) using an Au tip. I0 = 5 nA;
EWE = −349 V; Etip,Au = −359 V; fmod = 37.7 kHz. (a) Topographical STM image
of up to 4 AL of electrodeposited Co (blue) and pristine Au(111) areas. (b) An
exemplary profile across an Au/Co step edge of 3 AL =̂ (5.3± 0.3) Å is plotted for
comparison with investigations above. (c) Simultaneously measured lock-in signal of
the tunneling current at fmod. No difference in signal between Co and Au areas is
observed because of Ptip,Au = 0. Only step edges are displayed as caused by a response
of the STM feedback loop in the constant-current mode. (d) The corresponding
magnetic profile underlines that there is no difference in the lock-in signal between Co

and Au areas: ∆
∆I

fmod
sp

I0
(Au/Co) = (0.0± 0.4) · 10−4.

no spin-polarized component of the tunneling current is expected. Such a sp-STM
control experiment is shown in Figure 4.24. A sample surface partially covered by
electrodeposited Co and remaining Au areas is prepared similar to sp-STM investi-
gations above. The topographical STM image is displayed in Figure 4.24(a), where
a topographical profile across a 3 AL Co/Au step edge is taken in order to facili-
tate comparison to the above mentioned investigations. This exemplary profile is
plotted in Figure 4.24(b) and shows an identical step height of (5.3± 0.2) Å as in
Figure 4.21(b). The corresponding lock-in image of the control experiment is shown
in Figure 4.24(c). No difference in the lock-in signal between Co and Au areas is
observed when a non-ferromagnetic Au tip is used. The corresponding profile across
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the indicated 3 AL Au/Co step edge, plotted in Figure 4.24(d), underlines this ob-
servation. The artifacts induced by step edges still outline the surface morphology,
even though no contrast between Co and Au is evident.

These sp-STM measurements on Co/Au(111) utilizing AC20 tips demonstrate
that the investigated extended Co islands feature a magnetization component in
out-of-plane direction, thus magnetization parallel to the surface normal is observed
( ~M‖ 6= 0).
No domain borders could be observed within extended Co islands. This is not
surprising, since the size of the extended Co islands is around 0.25 µm2, which is
much smaller than the typical lateral size of single domains (5 µm2) in perpendicular
magnetized Co of similar thickness [1].

Slightly different
∆I

fmod
sp

I0
values in dependence on the actual Co layer thickness give

a hint to differently aligned magnetization ~M with respect to the surface normal ~a.

The influence of the solid/liquid interface on the spin-polarization of the tun-
neling current seems to be a remarkable, fundamental aspect in the experiments.
Previous studies [92, 93] of the tunneling gap at the solid/liquid interface have
shown that the tunneling process at high tunneling current setpoints occurs across
a vacuum-like gap, as detailed in Section 3.2 [93]. The gap width at high tunneling
currents is too small as to allow for H2O molecules - which are of a size smaller
than any other molecule or solvated ion in the electrolyte - to penetrate into the
tunneling gap.

4.5 Effects at the Second Harmonic

Measurements of the modulated component of the tunneling current at the mod-
ulation frequency’s second harmonic are used to investigate the susceptibility of a
magnetic substrate [47, 48, 204]. Thereby, not only magnetization of the magnetic
tip is manipulated by the coils magnetic field, but also magnetization of the inves-
tigated sample surface is affected by stray magnetic fields of the tip and/or the coil.
In addition to the sp-STM observations of Co/Au(111) presented in Section 4.4,
in the following the modulated component of the tunneling current at (2fmod) is
investigated. Two sources of origin for a modulated component of the tunneling
current at (2fmod) are possible. On the one hand the magnetostriction effect of the
magnetic AC20 tip occurs at (2fmod) which is the topic of the first section. On the
other hand an influence of an external magnetic field on the magnetization of the
sample under investigation is subject of further discussion.
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4.5.1 Magnetostriction

The modulated magnetostriction of a magnetic tip ∆L causes a modulated tip-
substrate distance d, as already detailed in Section 4.3. This change is not observed
in sp-STM measurements in CCM I, however, signals in the tunneling current I
at higher frequencies are observed by lock-in technique. Since the modulation fre-
quency fmod is adjusted to around 40 kHz a signal by magnetostriction is present in
the tunneling current at 1fmod and 2fmod. Therefore, the tunneling current I can
be expressed by a time averaged component I = I0, a spin-polarized component
Ifmod
sp , and in addition by a 1fmod-component and a 2fmod-component generated by

magnetostriction

I = I0 + Ifmod
sp + Ifmod

λ, part + I2fmod

λ, sat . (4.16)

t
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Figure 4.25: During sp-STM measurements the saturated magnetostriction effect of an
AC20 tip generates a tunneling current component at (2fmod) caused by the modulated

change of the tip-substrate distance ∆d2fmod . An offset |I2fmod
λ, sat | is observed, since

this signal results from the magnetic tip throughout the duration of the modulation
independently of the sample.

Choosing AC20 as a suitable tip material, the 1fmod-component caused by mag-
netostriction vanishes, since its magnetostriction occurs at 2fmod when the magnetic
field strength is set to |Hz| > 30 Oe according to magnetostriction investigations,
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see Section 4.3.3.

I = I0 + Ifmod
sp + I2fmod

λ, sat , for AC20 and |Hz| > 30 Oe (4.17)

An illustration of sp-STM measurements via lock-in technique at (2fmod) is il-
lustrated in Figure 4.25. Caused by a modulated magnetic field at fmod, a magne-
tostrictively modulated difference in tip-surface distance ∆d occurs at 2fmod, which
is measured by lock-in technique. The magnetostrictive effect of the AC20 tip takes
place throughout the entire duration of the sp-STM measurement, but regardless of
the actual sample surface under investigation.

This effect of magnetostriction is independent of a spin-polarized signal between
tip and surface, since it originates from the magnetic tip. Therefore, the same signal
is expected whether the sample surface is magnetized in out-of plane direction or
not.

However, magnetostriction causes an influence on the averaged tunneling current
and thus on the tip-surface distance d adjusted by the STM feedback loop in CCM.
Because of this, signals caused by magnetostriction should be as low as possible to
enable sp-STM measurements.

4.5.2 Magnetic Susceptibility

The magnetic susceptibility χ describes the magnetization of a sample depending
on an external field and is in general given by a tensor

χij =
δMi

δHj

, with i = x, y, z and j = x, y, z. (4.18)

Regarding the setup b used to investigate tip magnetostriction, where the coil is
positioned around tip apex and sample, the magnetization of magnetic sample would
be affected. But also when sp-STM setup a is used, where the coil is installed at the
tip holder around the upper part of the tip, an influence of stray magnetic fields from
the tip and/or the coil itself on the magnetic sample surface can not be excluded,
even if the magnitude of the magnetic field is set as low as possible.

Such an effect on a magnetic sample is illustrated in Figure 4.26. Figure 4.26(a)
shows a model of sp-STM of an out-of plane magnetized sample, where the magneti-
zation is constantly tilted by an angle α by switching only the tip magnetization, as
discussed in Section 4.1. An externally applied magnetic field leads to a deflection
of the magnetization away from α. In case of sp-STM, where the magnetic field of
the coil is modulated at fmod, the out-of-plane component of sample magnetization
is manipulated depending on time as well, see Figure 4.26(b).

According to Equation(4.3), the tunneling current I is given by

I = I0 + I0 PA PB cos[θ + α(fmod)] = I0 + Isp, (4.19)
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Figure 4.26: Illustration of anti-/parallel tip-sample orientation, where the sample
magnetization is tilted by angle α with respect to the surface normal ~a (a) constant
in time. (b) in dependence on an external field ~H, which is modulated in time

corresponding to fmod.

neglecting components of the tunneling current generated by tip magnetostriction,
which would cause an offset. Consequently, a spin-polarized component of the tun-
neling current can be divided into anti-/parallel orientation parallel and antiparallel
orientation Ip and Ia, respectively:

Isp =

{
Ia(t) = I0 · (1− PA PB cos[α(fmod)]), θ = 180◦

Ip(t) = I0 · (1 + PA PB cos[α(fmod)]), θ = 0◦
(4.20)

However, in either case the additionally modulated sample magnetization causes a
modulated anti-/parallel orientation. The origin of spin-polarized components of the
tunneling current at fmod as well as (2fmod) is illustrated in Figure 4.27. In this model
it is assumed that the tip is a soft ferromagnet (narrow hysteresis) and the magnetic
sample under investigation is a hard ferromagnet (wide hysteresis). Thereby, the

tip magnetization ~Mtip is switched by the magnetic field between θ = 0◦ and 180◦

with respect to the surface normal ~a, when sample magnetization ~Msample is deflected
from angle α with respect to the surface normal ~a. This provides a realistic estimate,
according to SQUID investigations on AC20 (soft ferromagnetic), see Figure 4.14,
and compared to magnetization curves of Co/Au(111) (hard ferromagnetic) [34, 73].

Therefore, in Figure 4.27(b) the tip magnetization ~Mtip parallel to the surface

normal ~a is idealized by a square wave and the sample magnetization ~Msample by a
shifted sinusoidal modulation, both correlated to a modulation frequency fmod of the
external magnetic field ~H, see Figure 4.27(a). The term cos(θ+α) of the total angle

θ+α is a projection of both magnetizations ~Mtip and ~Msample on the surface normal
~a, and considering Equation (4.19) this term is proportional to the product of the
combined spin-polarization PtipPsample, exemplary illustrated in Figure 4.27(c). This
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Figure 4.27: Illustrated origin of ∆I2fmod
sp using a soft ferromagnetic tip and a hard fer-

romagnetic sample: (a) Modulation of an external field with Hz(fmod). (b) Switching
of tip magnetization ~Mtip is approximated by a square wave. Here, sample magnetiza-

tion ~Msample is affected in addition, approximated by a sinusoidal modulation, which
is related to angle α(fmod) with respect to the surface normal ~a. (c) Corresponding
projection on the z-axis by cos(θ+α), proportional to PtipPsample. (d) cos(θ+α) can
be described by a square wave at fmod in addition with modulation showing a strong

component at (2fmod).

resulting modulated square wave can be expressed by a superposition of a square
wave with fmod, representing the spin-polarized component of the tunneling current
at fmod, discussed in Section 4.2.1, and an additional modulation showing a strong
component at (2fmod). Both originate from spin-polarization and are illustrated in
Figure 4.27(d).

A model similar to this one is discussed by Ding [49], where it is assumed that the
sample magnetization changes between two states instead of being linearly depen-
dent on an external field ~H. Therefore, a modulated sample magnetization ~Msample

is approached by a shifted square wave of low magnitude. A spin-polarized signal
component at (2fmod) occurs as well, since the modulated magnetizations of tip and
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sample are phase shifted to each other caused by the differing magnetic properties
both.

4.5.3 Experiment

In order to prevent magnetization oscillations of the substrate, the externally ap-
plied magnetic field to switch the tip magnetization should be as small as possible.
Therefore, sp-STM investigations detecting a fmod-signal component of tunneling
current are made by sp-STM setup a introduced in Section 4.2.
The identical setup can be utilized to investigate a component of the tunneling cur-
rent at the second harmonic, but now the signal is detected by lock-in technique at
(2fmod), as illustrated in Figure 4.28. In this scenario it is assumed, that the stray
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Figure 4.28: Illustrated sp-STM at (2fmod): (a) Tip magnetization ~Mfmod
tip is switched

periodically by the magnetic field of a current modulated coil at fmod. (b) The time
averaged tunneling current is equal to the set-point in CCM: I = I0. (c) Since both
the tip magnetization and the sample magnetization are affected, the alternating mag-
netoresistance causes a modulated spin-polarized component of the tunneling current

at (2fmod). The detection of ∆I2fmod
sp is accomplished via lock-in technique.

magnetic fields of both tip and/or coil affecting the investigated magnetic sample as
well. In contrast, for sp-STM in differential magnetic mode it is assumed that only
a ferromagnetic tip is affected by the modulated magnetic field of the coil.

Corresponding to the sp-STM measurement at fmod presented in Figure 4.22
and 4.23, a sp-STM measurement of the same sample area detected at (2fmod) is
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presented in Figure 4.29 (topography) and Figure 4.30 (corresponding lock-in signal).
The observed topography of Co/Au(111) is similar to previous investigations shown
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Figure 4.29: Sp-STM at (2fmod): I0 = 6 nA; EWE = −351 mV; Etip,AC20 =
−369 mV; fmod = 59.7 kHz. (a) Topography of deposited Co (blue) on Au(111).
(b & c) Topographic profiles across Co/Au step edges along the arrows shown in (a)
of 2 AL =̂ (3.5± 0.5) Å Co and 3 AL =̂ (5.5± 0.3) Å Co with respect to the Au(111)

terrace. The height of the step edges is similar to previous observations.

in Figure 4.22(a). Two exemplary profiles are selected for comparison, representing
Co step edges of 2 AL =̂ (3.5± 0.5) Å and 3 AL =̂ (5.5± 0.3) Å with respect to the
Au(111) terrace underneath, plotted in Figure 4.29(b & c). The height of these
Co/Au step edges is similar to previous observations, see Figure 4.22(b & c).

Correspondingly, the component of the tunneling current at (2fmod) is mapped
in Figure 4.23(a). A difference between extended Co islands and Au(111) terraces
is observed, even through the signal is much lower. Exemplary profiles at Co step
edges with 2 AL and 3 AL height are plotted in Figure 4.30(b & c), where the
measured values ∆I2fmod

sp are normalized to the set-point of the tunneling current I0.
Additionally, an offset is subtracted for clarity. For both profiles similar differences
in signal between Co/Au are observed, for 2 AL (−0.11± 0.07) · 10−4 and for 3 AL
(−0.12± 0.09) · 10−4.

While an offset throughout the entire measurements could theoretically originate
from magnetostriction, as discussed in Section 4.5.1, a difference signal between Co
and Au can only be caused by spin-polarization. The influence of the stray magnetic
fields on the sample magnetization is negligible, since the signal of the tunneling cur-
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Figure 4.30: Sp-STM at (2fmod): I0 = 6 nA; EWE = −351 mV; Etip,AC20 =
−369 mV; fmod = 59.7 kHz. (a) Simultaneously measured modulated component
of the tunneling current at 2fmod = 120 kHz. The low contrast between Co and Au
at 2fmod is related to susceptibility. Absence of domain walls within the extended Co
island confirms single domain. (b & c) Corresponding magnetic profiles along the
arrows shown in (d). The data is normalized to the setpoint of the tunneling current in
constant current mode I0 = 6 nA and an offset is subtracted for clarity. No difference

is observed between 2 AL and 3 AL.

rent component ∆I2fmod
sp is ∼ 25× smaller compared to the spin-polarized tunneling

current component ∆Ifmod
sp observed at fmod.

Movements of magnetic domain walls within the deposited Co islands of 2 AL and
3 AL on Au(111) are not observed, as described elsewhere [49, 201]. This underlines
the assumption, that the investigated, extended Co islands on Au(111) consist of
single domains.

4.6 Conclusion

The present electrochemical STM setup was modified to implement sp-STM in differ-
ential magnetic mode. Therefore, a magnetically shielded coil, electrically grounded,
was constructed and permanently installed at the STM scanner unit positioned
around the tip end. An electrical contact between the aluminum coil body and the
sp-STM tip in use was avoided by an additionally inserted MACOR tube. This
sp-STM is sensitive to magnetized samples in out-of-plane direction due to setup
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and the tip shape.
For sp-STM a ferromagnetic tip material with small hysteresis loop was desired

in order to ensure a switching of the tip magnetization by the small coil around the
upper part of the tip. Two different setups were realized to better observe the mag-
netostriction of different magnetic tip materials by STM. In this way one can make
sure, that the magnetostrictive material is affected by the magnetic field. Since the
STM setup is highly sensitive to the tip-sample separation d, magnetostriction was
observed even if the induced length variation is in the angstrom range. Through
such STM measurements the magnetostriction of different tip materials was inves-
tigated directly. Due to the thin Ni coating all NiAu tips had a significantly smaller
magnetostrictive length than 15 mm long tips of pure Ni.

However, for sp-STM coercivity also plays an important role and especially
coated NiAu tips showed a high coercivity, regarding the investigations by SQUID
measurements. Therefore the use of pure Ni tips as well as Ni coated Au tips is not
recommended for sp-STM, since otherwise high magnetic field strengths are required
to switch the tip magnetization during modulation. But the higher the magnetic
field strength the more magnetic samples are influenced, and thus the sp-STM mea-
surement will be affected by further effects. AC20 fits all sp-STM requirements -
low coercivity and vanishing magnetostriction.

As a model system extended Co islands were electrochemically grown on Au(111),
since thin films of Co show an easy-axis of magnetization in out-of plane direction
caused by magnetocrystalline anisotropy. These samples showed areas of ferromag-
netic Co and diamagnetic Au, which is an ideal surface for investigations by sp-STM
at the solid/liquid interface.

A modulated magnetic field, generated by the modulated driven coil with a
modulation frequency fmod � fSTM, was used to manipulate the tip magnetization
periodically in direction of the surface normal ~a, the time averaged tunneling current
I was not affected. Consequently, sp-STM measurements are accomplished using
AC20 tips without impact on topography. The corresponding signal of the modu-
lated component of the tunneling current ∆Ifmod

sp displayed a sharp contrast between
Co and Au areas. This is caused by the different spin-polarizations of the surface
Psample,Co 6= Psample,Au = 0.

Sp-STM control experiments were done using a non-magnetic Au tip instead of
a magnetic AC20 tip, thus the tip spin-polarization is Ptip,AC20 6= Ptip,Au = 0 and
the control measurements showed no contrast between Co and Au.

It was demonstrated, that sp-STM at the solid/liquid interface is accomplished,
since the tunneling process occurs across a vacuum-like gap and electron spin is
conserved. This way, the magnetization of a sample at the solid/liquid interface
can be investigated locally resolved. In addition, hints on a Co spin-reorientation
transition are observed depending on the Co layer thickness.

To complement sp-STM investigations on Co/Au(111), sp-STM measurements at
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(2fmod) were presented, corresponding to prior Co/Au(111) investigations at fmod.
There, a much smaller difference in signal above Co areas and Au(111) terraces
was observed. Two possible sources of origin were discussed. A component of the
tunneling current at (2fmod) can originate from magnetostriction. However, this
is an effect of the tip, which occurs throughout the entire sp-STM measurement
independently of the investigated sample and regardless of sample magnetization.
Therefore, it is not expected that a magnetostrictive tip can cause a difference in
the lock-in signal between Co and Au areas neither at ∆Ifmod

sp nor ∆I2fmod
sp . Is much

more reasonable that an additional modulation of the sample magnetization affected
by magnetic stray fields of the magnetic sp-STM tip or the coil would generate a
spin-polarized component of the tunneling current at (2fmod).

Despite the fact that such a signal was observed, compared to the magnitude
of the spin-polarized signal at (1fmod) this one at (2fmod) is ∼ 25 times smaller.
Therefore, an influence of the sp-STM setup a in use on deposited Co on Au(111)
is estimated to be negligible.
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Chapter 5

Summary & Outlook

Electrochemistry offers the possibility of fabricating magnetic structures in fast and
low-cost processes. The magnetic properties of an electrochemically deposited mate-
rial depend on the parameters influencing the growth process, such as the deposition
potential and total deposition time. Especially the magnetic properties of ultrathin
magnetic films are correlated with their coverage. The magnetic properties of such
surfaces can be investigated in-situ at the solid/liquid interface by techniques inte-
grating over a certain surface area such as magneto-optical Kerr effect measurements
and alternating gradient field magnetometry. In contrast, spin-polarized scanning
tunneling microscopy (sp-STM) at the solid/vacuum interface has already proven its
high local resolution of both sample magnetization as well as sample structure. The
surface topography in an electrochemical environment can be already investigated
by an electrochemical STM (ec-STM) in-situ. This was the point of departure of
that thesis with the goal of combining these two techniques for enabling sp-STM at
the solid/liquid interface.

One part of this thesis was to modify the present ec-STM setup to enable sp-
STM in differential magnetic mode sensitive to magnetized samples in out-of-plane
direction. For this, a modulated magnetic field with a frequency much higher than
the cut-off frequency of the STM setup was required to manipulate the tip magne-
tization periodically in direction of the surface normal. Such a magnetic field was
generated by a self-made small coil which was magnetically shielded, electrically
grounded, and permanently installed at the STM scanner unit positioned around
the tip end. Special attention was paid to the ferromagnetic tip material which
should own a narrow magnetic hysteresis loop as well as vanishing magnetostric-
tion. The magnetic properties of various tip materials were investigated by SQUID
and two kinds of modified STM setups to observe the magnetostriction directly.
Thereby, magnetostriction could be resolved even if the induced length variation
was in the range of an atomic step edge, since a STM setup is highly sensitive to the
tip-sample separation. Taking this considerations into account, it could has been
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shown that magnetic tips made of Co68.2Fe4.3Si12.5B15 (AC20) fit best for sp-STM
in the differential magnetic mode.

Electrochemically deposited Co on an Au(111) single crystal was chosen as a
suitable model system for sp-STM at the solid/liquid interface, since ultrathin films
of Co deposited on Au(111) are out-of plane magnetized caused by the magnetocrys-
talline anisotropy.

The electrochemical deposition of Co on Au(111) out of an electrolyte solution
composed of sodium sulfate, sulfuric acid, and cobalt sulfate was also an important
part of this work, since an electrochemically stable and metallic sample was required.
The in-situ deaeration of the electrolyte solution ensured an environment nearly
free of dissolved oxygen. Additionally, it was necessary to adjusted the pH-value
≈ 3 of the supporting electrolyte using sulfuric acid to avoid the formation of Co
hydroxides. Although a higher concentration of sulfuric acid would cause a more
acidic pH-value, the correlated stronger hydrogen evolution would hinder the Co
deposition.

It has been shown by ec-STM investigations, that the observed Co deposition at
the solid/liquid interface occurred initially by lateral growth of bilayer islands origi-
nating from Au(111) step edges. Additional Co layers were deposited on top before
the initial Co bilayer was coalesced and completed. The deposited Co remained
stable on Au(111) in a potential range from −450 mV to −330 mV. The high lateral
resolution of the STM measurements at the solid/liquid interface was demonstrated
by the observed herringbone reconstructed Au(111) surface and the moiré structure
on top of the deposited Co islands. An imported aspect of STM investigations at
the solid/liquid interface was the adjustment of a low bias voltage in the range of
20 mV as well as high tunneling currents in the range of 5 nA to ensure a vacuum-
like gap between tip and substrate. After the electrochemical sample preparation,
extended Co islands up to 4 atomic layers were deposited with bare Au(111) areas
in between. This way, a sample surface was prepared which showed ferromagnetic
Co areas and diamagnetic Au areas and was therefore an ideal sample for sp-STM
at the solid/liquid interface.

The final part of this work were the investigations on Co/Au(111) by sp-STM at
the solid/liquid interface using AC20 tips. Thereby, the observed sample topography
showed a high lateral resolution and was without spurious contributions from the
sp-STM setup, since the time averaged tunneling current was not affected. The
corresponding spin-polarized component of the tunneling current was recorded by
lock-in technique and displayed a sharp contrast between Co and Au areas. This
difference in signal was caused by the different spin-polarizations of the sample
Psample,Co 6= Psample,Au = 0. This way, it was demonstrated, that sp-STM at the
solid/liquid interface was accomplished, since the tunneling process occurred across
a vacuum-like gap and the electron spin was conserved. Control experiments were
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performed using a non-ferromagnetic Au tip under similar conditions. Such control
measurements showed no contrast between Co and Au, as it was expected for the
tip spin-polarization Ptip,AC20 6= Ptip,Au = 0.

The sp-STM investigations on Co/Au(111) were completed with sp-STM mea-
surements observed by lock-in technique at the second harmonic. Here, a much
smaller difference in signal was observed between Co and Au areas. It was assumed
that magnetic stray fields of the magnetic tip or the coil of the sp-STM caused an
additional modulation of the sample magnetization generating the observed signal
at the second harmonic. Since this signal was ∼ 25 times smaller compared to the
magnitude of the spin-polarized signal at the first harmonic, a strong influence of
the sp-STM setup on deposited Co on Au(111) was negligible.

In summary it was shown, that sp-STM was accomplished in an electrochemical
environment. Using Co/Au(111) as model system, not only sample topography was
investigated but also sample magnetization was observed in-situ.

The slightly different spin-polarized tunneling currents in dependence on the ac-
tual Co layer thickness gave a hint to differently aligned Co magnetization ~M with
respect to the surface normal. More investigations in detail are required to make a
clear statement about the spin reorientation transition from out-of-plane magneti-
zation to in-plane magnetization for ultrathin Co films. Especially, investigations in
dependence on the size of the Co islands until the initial Co bilayer is completed as
well as in dependence on the Co layer thickness will by of interest.

Based on this work, the magnetization of other magnetic layers or structures
prepared in an electrochemical environment can be investigated in-situ with high
localized resolution.
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Appendix A

Lists of Chemicals, Materials and
Devices

Chemicals Molecular Formula Producer Denotation Item No.

Sodium sulfate Na2SO4 Merck Suprapur

Cobalt(II) sulfate CoSO4 Merck Suprapur

Sulfuric acid H2SO4 Merck Suprapur

Sulfuric acid, 95-

97 %

H2SO4 Merck EMPARTA 1.00731.2511

Hydrochloric acid HCl Merck

Hydrogen perox-

ide, 35 %

H2O2 Merck EMPROVE 1.08600.2500

Table A.1: List of chemicals
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Material Producer

Gold wire ∅250 µm Merck

Nickel bath, Ni Sulfamat HS Atotech

Nickel wire ∅250 µm Puratronic R©99.994 % Alfa Aesar

AC20 wire ∅125 µm Co68.2Fe4.3Si12.5B15, Unitika LTD.

Au(111) single crystal
∅10 mm× 4 mm

MaTecK, ch-Nr.09050614

Gold arrandee 11× 11 mm arrandeeTM, precious metal coated substrates

Table A.2: List of materials

Device Company, Designation

STM NanoScope E

Bipotentiostat EC-Tec, BP-700

Biscangenerator EC-Tec

Oscilloscope Tektronix TDS 420A

Function/Arbitrary Waveform Generator Agilent 33220A

Lock-in amplifier EG&G Princeton Applied Research
Model 5209

Teslameter Group3 DTM 141 digital teslameter

Group3 Hall Probe MPT-231-2m

Saturated calomel electrode (SCE) SCHOTT

Table A.3: List of devices
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Appendix B

Abbreviations

Abbreviations

AL atomic layer, unit of atomic step height
Å unit of length 1 Å = 1 · 10−10 m
angle α angle between sample magnetization and surface normal ~a
angle θ angle between tip magnetization and surface normal ~a
CCM constant-current-mode, mode of STM operation
CE counter electrode
CHM constant-height-mode, mode of STM operation
CV cyclic voltammogram
d tip-substrate distance
E0 Nernst potential
E00 standard potential
ec-STM scanning tunneling microscopy at the solid/liquid interface
E0(Me/Me2+) Nernst potential of a metal red/ox couple Me/Me2+

ESCE potential vs SCE
ESHE potential vs SHE
Etip potential of the tip
EWE potential of the substrate
fmod modulation frequency
fSTM scan rate of the STM in line

second

fcut-off cut-off frequency of the STM feedback loop
} Planck constant over 2π
I0 set point of the tunneling current
Isp spin-polarized tunneling current
Ia spin-polarized tunneling current in antiparallel orientation
Ip spin-polarized tunneling current in parallel orientation
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j current density
jano anodic current density
jcat current density
m electron mass
ML monolayer, unit of nominal coverage
OPD over potential deposition, bulk deposition
Pi spin polarization of i = tip, sample
RE reference electrode
SCE saturated calomel electrode
SHE standard hydrogen electrode
sp-STM spin-polarized scanning tunneling microscopy
STM scanning tunneling microscopy
SQUID superconducting quantum interference device
UPD under potential deposition
Vb bias voltage
WE working electrode
WEsub working electrode, substrate
WEtip working electrode, tip
x x-direction
y y-direction
z z-direction
κ decay constant in the barrier region
φUHV work function / barrier height in UHV
φeff effective reduced work function / barrier height
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[141] M. Palomar-Pardavé, B. Scharifker, E. Arce, and
M. Romero-Romo. Nucleation and diffusion-
controlled growth of electroactive centers: Re-
duction of protons during cobalt electrodeposi-
tion. Electrochim. Acta, 50(24):4736–4745, 2005.

ISSN 0013-4686. doi: 10.1016/j.electacta.2005.
03.004. URL http://www.sciencedirect.com/

science/article/pii/S0013468605002045. 19,
41

[142] J. Pan, T. W. Jing, and S. M. Lind-
say. Tunneling Barriers in Electrochemical
Scanning Tunneling Microscopy. J. Phys.
Chem., 98(16):4205–4208, 1994. doi: 10.1021/
j100067a001. URL http://pubs.acs.org/doi/

abs/10.1021/j100067a001. 30

[143] J. Perez, E. R. Gonzalez, and H. M. Villullas.
Hydrogen Evolution Reaction on Gold Single-
Crystal Electrodes in Acid Solutions. J. Phys.
Chem. B, 102(52):10931–10935, December 1998.
ISSN 1520-6106. URL http://dx.doi.org/10.

1021/jp9831987. PH: 170. 13

[144] A. R. Piercy. The changing shape of magne-
tostriction. Phys. Educ., 32(3):160–160, 1997.
URL http://stacks.iop.org/0031-9120/32/i=

3/a=014. 53, 54, 56

[145] N. V. Plyasunova, Y. Zhang, and M. Muhammed.
Critical evaluation of thermodynamics of com-
plex formation of metal ions in aqueous solutions.
V. hydrolysis and hydroxo-complexes of Co2+ at
298.15 K. Hydrometallurgy, 48(2):153–169, 1998.
ISSN 0304-386X. doi: 10.1016/S0304-386X(97)
00078-9. URL http://www.sciencedirect.com/

science/article/pii/S0304386X97000789. 21

[146] K. M. Poduska and S. Morin. Electrochemical
cell for in situ magneto-optic Kerr effect mea-
surements. Rev. Sci. Instrum., 74(11):4723–4727,
November 2003. URL http://dx.doi.org/10.

1063/1.1619583. 1, 45, 72

[147] D. Powell, J. Cortez, and E. K. Mellon. A
laboratory exercise introducing students to the
Pourbaix for cobalt. Journal of Chemical
Education, 64(2):165, 1987. doi: 10.1021/
ed064p165. URL http://pubs.acs.org/doi/

abs/10.1021/ed064p165. 17

[148] M. G. D. Ppolo, E. P. M. Leiva, M. Mariscal,
and W. Schmickler. The basis for the formation
of stable metal clusters on an electrode surface.
Nanotechnology, 14(9):1009–1013, 2003. URL
http://stacks.iop.org/0957-4484/14/1009. 39

[149] P. Prod’homme, F. Maroun, R. Corts, P. Al-
longue, J. Hamrle, J. Ferr, J.-P. Jamet, and
N. Vernier. Preparation, characterization
and magneto-optical investigations of elec-
trodeposited Co/Au films. J. Magn. Magn.
Mater., 315(1):26–38, August 2007. ISSN
0304-8853. URL http://www.sciencedirect.

com/science/article/B6TJJ-4N6NK1M-2/2/

c6b3e17e5df1956f6364ec80907d9954. 72

107

http://www.sciencedirect.com/science/article/pii/0022072895044094
http://www.sciencedirect.com/science/article/pii/0022072895044094
http://pubs.acs.org/doi/abs/10.1021/la034950k
http://pubs.acs.org/doi/abs/10.1021/la034950k
http://electrochem.cwru.edu/estir/hist/hist-13-Nernst-1.pdf
http://electrochem.cwru.edu/estir/hist/hist-13-Nernst-1.pdf
http://link.aip.org/link/?JAP/81/5044/1
http://link.aip.org/link/?JAP/81/5044/1
http://dx.doi.org/10.1002/andp.18230730307
http://dx.doi.org/10.1002/andp.18230730307
http://link.aip.org/link/?JAP/50/7597/1
http://link.aip.org/link/?JAP/50/7597/1
http://dx.doi.org/10.1007/s003390051326
http://dx.doi.org/10.1007/s003390051326
http://link.aps.org/doi/10.1103/PhysRevB.59.11887
http://link.aps.org/doi/10.1103/PhysRevB.59.11887
http://www.sciencedirect.com/science/article/pii/S0013468605002045
http://www.sciencedirect.com/science/article/pii/S0013468605002045
http://pubs.acs.org/doi/abs/10.1021/j100067a001
http://pubs.acs.org/doi/abs/10.1021/j100067a001
http://dx.doi.org/10.1021/jp9831987
http://dx.doi.org/10.1021/jp9831987
http://stacks.iop.org/0031-9120/32/i=3/a=014
http://stacks.iop.org/0031-9120/32/i=3/a=014
http://www.sciencedirect.com/science/article/pii/S0304386X97000789
http://www.sciencedirect.com/science/article/pii/S0304386X97000789
http://dx.doi.org/10.1063/1.1619583
http://dx.doi.org/10.1063/1.1619583
http://pubs.acs.org/doi/abs/10.1021/ed064p165
http://pubs.acs.org/doi/abs/10.1021/ed064p165
http://stacks.iop.org/0957-4484/14/1009
http://www.sciencedirect.com/science/article/B6TJJ-4N6NK1M-2/2/c6b3e17e5df1956f6364ec80907d9954
http://www.sciencedirect.com/science/article/B6TJJ-4N6NK1M-2/2/c6b3e17e5df1956f6364ec80907d9954
http://www.sciencedirect.com/science/article/B6TJJ-4N6NK1M-2/2/c6b3e17e5df1956f6364ec80907d9954


REFERENCES

[150] S. Pütter, H. F. Ding, Y. T. Millev, H. P.
Oepen, and J. Kirschner. Magnetic susceptibil-
ity: An easy approach to the spin-reorientation
transition. Phys. Rev. B, 64(9):092409, August
2001. URL http://link.aps.org/doi/10.1103/

PhysRevB.64.092409. 36, 71

[151] M. V. Rastei and J. P. Bucher. Spin polar-
ized tunnelling investigation of nanometre Co
clusters by means of a Ni bulk tip. J. Phys.:
Condens. Matter, 18(50):L619–L624, 2006. URL
http://stacks.iop.org/0953-8984/18/L619. 45

[152] V. Repain, J. Berroir, S. Rousset, and
J. Lecoeur. Growth of self-organized cobalt
nanostructures on Au(111) vicinal surfaces. Surf.
Sci., 447(13):L152–L156, 2000. ISSN 0039-
6028. doi: 10.1016/S0039-6028(99)01203-0.
URL http://www.sciencedirect.com/science/

article/pii/S0039602899012030. 36, 38

[153] G. Repphun and J. Halbritter. Tunnel channels,
charge transfer, and imaging mechanisms in scan-
ning tunneling microscopy. J. Vac. Sci. Technol.,
A, 13(3):1693–1698, May 1995. URL http://

link.aip.org/link/?JVA/13/1693/1. PH: 166.
30

[154] E. Ruska. The emergence of the electron mi-
croscope: Connection between Realization and
First Patent Application, Documents of an In-
vention. J. Ultrastruct. Mol. Struct. Res.,
95(1-3):3–28, April 1986. ISSN 0889-1605.
URL http://www.sciencedirect.com/science/

article/pii/088916058690025X. 2

[155] E. Ruska. Das Entstehen des Elektro-
nenmikroskops und der Elektronenmikroskopie
(Nobel-Vortrag). Angew. Chem., 99(7):611–
621, 1987. ISSN 1521-3757. doi: 10.1002/
ange.19870990704. URL http://dx.doi.org/10.

1002/ange.19870990704. 2

[156] E. Ruska. The Development of the Electron
Microscope and of Electron Microscopy (Nobel
Lecture). Angew. Chem., Int. Ed., 26(7):595–
605, 1987. ISSN 1521-3773. doi: 10.1002/anie.
198705953. URL http://dx.doi.org/10.1002/

anie.198705953. 2

[157] S. Saito, K. Takeda, T. Soumura, M. Ohki,
T. Tani, and T. Maeda. Hysteresis of the work
function of Co(0001) surface resulting from an al-
lotropic transformation. J. Appl. Phys., 71(11):
5500–5503, 1992. doi: 10.1063/1.350523. URL
http://link.aip.org/link/?JAP/71/5500/1. 30

[158] S. Saito, K. Takeda, T. Soumura, T. Tani,
and T. Maeda. Effects of surface rough-
ness and patches on the work function of
cobalt. Phys. Status Solidi A, 142(1):K29–K32,
1994. ISSN 1521-396X. doi: 10.1002/pssa.

2211420140. URL http://dx.doi.org/10.1002/

pssa.2211420140. 30

[159] J. Sass and J. Gimzewski. Solvent dynamical
effects in scanning tunneling microscopy with
a polar liquid in the gap. J. Electroanal.
Chem., 308(1-2):333–337, June 1991. ISSN
0022-0728. URL http://www.sciencedirect.

com/science/article/B6TGB-44X7511-5S/2/

eb04f765e83140b8e0ecc3a5227ca92a. PH: 167.
30

[160] W. Schindler and J. Kirschner. New electro-
chemical cell for in situ tunneling microscopy,
cyclovoltammetry, and optical measurements.
Rev. Sci. Instrum., 67(10):3578–3582, October
1996. URL http://link.aip.org/link/?RSI/

67/3578/1. 5, 11

[161] W. Schindler and J. Kirschner. Ultrathin mag-
netic films: Electrochemistry versus molecular-
beam epitaxy. Phys. Rev. B, 55(4):R1989–R1992,
January 1997. URL http://link.aps.org/doi/

10.1103/PhysRevB.55.R1989. 1, 5, 45, 72

[162] W. Schindler, T. Koop, D. Hofmann, and
J. Kirschner. Reversible electrodeposition of ul-
trathin magnetic Co films. IEEE T. Magn., 34
(4):963–967, 1998. ISSN 0018-9464. doi: 10.
1109/20.706327. 1, 5, 45, 72

[163] W. Schindler, T. Koop, and J. Kirschner. Growth
and magnetism of ultrathin electrodeposited Co
films. Z. Physik. Chem., 208(1-2):93–106, 1999.
doi: 10.1524/zpch.1999.208.Part 1 2.093. URL
http://www.oldenbourg-link.com/doi/abs/10.

1524/zpch.1999.208.Part_1_2.093. 1

[164] W. Schindler, D. Hofmann, and J. Kirschner. Lo-
calized Electrodeposition Using a Scanning Tun-
neling Microscope Tip as a Nanoelectrode. J.
Electrochem. Soc., 148(2):C124–C130, 2001. doi:
10.1149/1.1343107. URL http://link.aip.org/

link/?JES/148/C124/1. 2, 33

[165] W. Schindler, P. Hugelmann, M. Hugelmann,
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