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Preface

When starting to work towards a PhD there is the quest for new scientific wssues. Having
encountered them specific methods are used to obtain further information. In most cases
complementary experiments will be necessary to interpret the results correctly.

The work related to this PhD thesis basically consists of two main parts. Each part
is dedicated to a different class of materials: high critical temperature superconductors
and different carbon allotropes.! The basic method which has been used to characterize
these materials is scanning probe microscopy, especially scanning tunneling microscopy
(STM). STM is a local imaging technique which is able to provide topographical images
of a sample’s surface on a micrometre scale as well as on an atomic scale. This is possible
taking advantage of the exponential dependence of the tunneling current on the separa-
tion distance (in the A range) between the metallic STM tip and the (conductive) sample
when a bias voltage is applied. By means of piezoresistive ceramics — which change in
length when a voltage is applied — and a feedback loop electronics that keeps constant
the tunneling current (and therewith the tip-sample distance), it is possible to obtain
a topography profile of the sample’s surface by scanning the tip over the sample and
recording the vertical movement of the tip.

The two groups of materials investigated here have not only in common some struc-
tural aspects, but also have to some extent similar properties. The high critical temper-
ature superconductors (HTSC) are layered multiple-metal-oxide materials which allow
resistance-free current transport at temperatures well above the boiling point of liquid
helium (4.2 K). The HTSC investigated here — Y-Ba-Cu-O (T, = 92 K) and Bi-Sr-Ca-
Cu-O (T. = 80 K) — even show superconductivity at temperatures above the boiling
point of liquid nitrogen (77 K).

Some forms of carbon, such as hexagonal graphite, are also layered materials similar
to the HTSC. On doping graphite with alkali metals, graphite intercalation compounds
(GIC’s) are obtained which are also superconductors, but at very low temperatures (0.55
K for a K-GIC). Cubic diamond becomes conducting if it is doped with boron, and
can be studied by STM, too. However, diamond is rather a three-dimensional than a
two-dimensional structure. Recently discovered carbon clusters with 60 carbon atoms
arranged in a truncated icosahedron structure (Cgo fullerene) represent an example of an
actual three-dimensional molecule which nevertheless forms layers as a solid. Surprisingly
upon doping Cgp with some alkali metals in the ratio 1:3 (Cg : alkali metal), new HTSCs
are obtained (Rb3Cg with a T, of 28 K). By application of pressure in the GPa range to
these Cgp fullerenes a new amorphous form of carbon is obtained which is investigated
by STM, too.

Even if the invent of scanning probe methods has provided for the first time an easy
way to image a surface of a sample in real space with lateral and vertical resolution on

I Allotropes are the individual forms of an element that occur when more than one type of bonding
between atoms of the element is possible. The individual allotropes of an element usually have different
physical and chemical properties.
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an atomic scale, the results obtained by these methods have always to be compared to
information obtained by traditional methods (e.g. diffraction methods or conventional
electron microscopy), since artifacts due to the imaging process might influence the in-
formation obtained by scanning probe methods.

Overall Summary and Scope

In this thesis the surface morphology of high critical-temperature superconductors (single
crystals and thin films) and carbon allotropes (diamond, undoped and doped graphite
and fullerenes) prepared under different conditions and by various methods is investigated
by local probes (scanning tunneling and force microscopy) and complementary techniques
(electron microscopy, X-ray diffraction and photoelectron spectroscopy).

The introductory chapter gives a brief overview on the lateral and vertical resolution
capabilities of different microscopical techniques like optical, electron, scanning tunnel-
ing and scanning force microscopies illustrated by the example of a high temperature
superconductor (HTSC) single crystal. The materials investigated in this thesis are in-
troduced: HTSC and allotropes of carbon.

The growth morphology of HTSC single crystals is investigated in Chapter 2. Very
thin (10-30 gm thick) Y2BasCusinO144n (N=0,1,2) single crystals show by scanning tun-
neling microcopy (STM) clean, stepped terraces. It is reported on the first observation
of two different square atomic surface lattices (lattice constants 0.38 nm and 0.27 nm)
by STM. Thicker Y,Ba ;CuginO144n crystal platelets (30-50 pm) are partially covered
by a BaCuO, flux layer originating from the crystal growth process. This flux layer is
studied by scanning force microscopy (SFM) and friction force microscopy (FFM). The
highly curved boundary line of the flux layer imaged by SFM is found to be fractal over
more than a decade of length scales. The complexity of the flux layer is related to the
different wetting properties of BaCuO, and YBCO. FFM is used to show the different
tribological properties of BaCuO, and YBCO.

The growth of a further HTSC compound (Bi;Sr2CaCuyOs, BSCCO 2212) as a single
crystal is reported in the second part of Chapter 2. The atomic structure and a 27A
modulation is studied by STM and transmission electron microscopy (TEM). Performing
STM in air leads to modification of the BSCCO 2212 crystal surface. This process is
used to intentionally ’write’ lines of a width of less than 40 nm on the surface. Stable
imaging of the atomic structure is demonstrated to be possible by operating the STM in
an argon-filled glove-box. A crystal growth experiment of Bi,SroLaCu,Og single crystals
aimed at the study of the crystals by STM shows that the presence of the 27A modulation
can be suppressed.

Chapter 3 treats the growth of thin films of YBa;Cu30;_s HTSC by different meth-
ods like pulsed laser deposition, metalorganic chemical vapour deposition, liquid phase
epitaxy and thermal co-evaporation on various substrate crystals (SrTiO;, MgO and
LaAlOj) and preparation conditions. The application of a half-shadow technique (par-
tially shading of the substrate during deposition) allows to study by STM and SFM
different growth stages of YBay;Cu30O7_s thin films prepared under identical conditions
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on a single substrate. The images are discussed using film growth models. Structural
information on YBCO film growth obtained by X-ray diffraction (® — 20, mosaic spread
and azimuth scans) and TEM are related to STM data.

For the first time the correspondence of reflection high energy electron diffraction
(RHEED) oscillations to the completion of individual YBCO monolayers is demonstrated
by STM images.

The STM observation of two different square atomic surface lattices (0.38 nm and 0.27
nm) on YBCO thin films is given an interpretation by complementary X-ray photoelec-
tron spectroscopy data (monochromatized radiation) implying that the topmost layers of
YBCO are the Ba-O and CuO; plane layers.

Pulsed laser deposition has been used to prepare ErBa;CusOg (ErBCO 124) thin
films. STM and TEM investigations are shown to demonstrate for the first time that the
stable growth unit of ErBCO 124 comprises two ErBa;Cu;Og units and not only one.

Chapter 4 discusses the classical allotropes of carbon — diamond and graphite. On
doping graphite with alkali metals graphite intercalation compounds are obtained. These
are subject of a detailed STM study in an inert argon environment. Various superstruc-
tures due to intercalated alkali metal atoms are observed.

The last part of Chapter 4 deals with the first observation of atomic structures on
boron-doped homoepitaxial diamond films on diamond crystals by STM. Images of the
reconstructed (110) and (100) surfaces of diamond are discussed using structure models
of diamond.

The last chapter, Chapter 5, is devoted to the recently discovered third allotrope of
carbon: fullerenes (Cgp and Cry). Since bulk fullerenes are semiconductors with a large
band gap it is not possible to investigate this material by STM. Preparation of thin films
by film casting or sublimation onto metal substrates (preferentially Au(111) substrates)
yields conductive samples. STM images illustrate the growth of this hexagonal close-
packed f.c.c. material. Point defects (vacancies and interstitials) and boundaries are
analyzed in fullerene films. Variation of sublimation parameters (substrate temperature
and sublimation distance) has a tremendous influence on the Cr,/Cg ratio in fullerene
films prepared from mixtures of Cgy and Crqg.

By application of pressure in the GPa range using a STM operated at high tunnel-
ing currents in the low tunneling resistance regime it is possible for the first time to
transform part of a Cgp film into amorphous carbon and image this structure by STM.
A pair correlation function calculated for this amorphous ’collapsed fullerite’ structure
yields a nearest-neighbour distances of 2.7 A. The angular distribution function (3-atom
distribution function) is characteristic of an amorphous structure.

Doping of fullerenes with alkali metals results in superconducting compounds. A
study by STM, however, shows only the fullerene molecules, but no intercalant atoms
since a complete charge transfer from the alkali metal atom to the fullerene molecule
takes place.

Concluding remarks emphasize again the impact of STM/SFM to basic research on
novel materials like cuprate and fullerene HTSC, but also re-question the usability of
these materials in technical application.



Chapter 1

Introduction

1.1 Methods

1.1.1  Microscopical standard techniques

A way of understanding matter, its properties and morphology is examining it by just
looking at it. Various methods have been developed in the course of time to investigate
matter. In this introductory part the strengths, the capabilities and the disadvantages
of several microscopical methods are discussed and compared in order to show how a
specific piece of matter can be examined. In the present case it is a single crystal of
a high-temperature superconductor. These crystals' with a chemical composition of
YBa;Cu,0g have a rectangular, platelike shape.

The optical micrograph (fig. 1.1) shows macrosteps and flat terraces. At higher
magnification smaller details become visible like some distinct step pattern (marked with
A’ and 'B’ in fig. 1.2). The contrast in the image is mainly due to the different nature
and reflective properties of some parts of the surface. In classical optical microscopy? the
resolution is limited by the wavelength of the light used for imaging. This limit is about
0.3 pm for visible light.® A typical magnification achieved in optical microscopy is x 1000.
The vertical resolution in optical microscopy is comparatively low.? However, by using
special interference techniques like differential interference contrast (Nomarski) or phase
contrast [1.3, 1.4] a vertical resolution of well below a fraction of the light wavelength (in
some cases below 1 nm) can be achieved.

The invention of electron microscopes® has enabled higher image magnifications up

IThe crystals have been grown by J. Karpinski and E. Kaldis, Federal Institute of Technology, Ziirich
(Switzerland).

2The recent development of scanning near-field optical microscopy (SNOM) by using piezoceramic
positioning elements and actuators shall not be discussed here. This technique does no longer suffer
from the limitations due to diffraction of a light wave in a lens-based focusing system, since no lenses
are used. The method yields a resolution of better than 50 nm [1.1, 1.2].

3The resolution limit in conventional (lens-system based) far-field optical microscopy is given by the
Rayleigh criterion: Ax > 0.61A/n - sinf. Ax denotes the resolution limit, A the wavelength of the
employed radiation and 7 - sin § the numerical aperture.

4The vertical resolution of optical microscopy is also in the order of one light wavelength.

5In the following electron microscopes in transmission geometry (TEM) shall not be considered here
since that type of microscope yields diffraction images rather of the bulk of a sample than of its surface.

10
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to x 100’000 in lateral and vertical directions.®

Figure 1.1: Optical micrograph of a YBa;CuyOg high critical transition temperature
(high-T.) single crystal. The crystal dimensions are 600 pm x 250 pm x 40 pm, approx-
imately.

Figure 1.2: Optical micrograph at higher magnification of the same YBayCu4Og crystal
as in fig. 1.1. Distinct step patterns are marked by A’ and 'B’. The contrast in the
image is explained by the different reflective properties in some areas on the sample. Step
contrast is enhanced by illuminating the sample from the left side.

Special modified types of electron microscopes in reflection geometry with grazing incidence of the

electron beam (reflection electron microscope, REM; scanning reflection electron microscope, SREM

[1.5]) give indeed an image of the surface of a sample but are based on diffraction, too. The resolution

may be as good as 1 nm in directions perpendicular to the incident electron beam, but much less parallel

to the electron beam. This results in severely foreshortened images in direction of the incident beam.
6Modern electron microscopes offer lateral and vertical resolutions of about 10 nm.
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Upon irradiating the sample by a focused beam of electrons secondary electrons are
emitted . These are used to reconstruct an image of the sample’s surface. The possibility
to scan the electron beam rapidly over the sample’s surface with a frequency of about 50
images per second allows a quick investigation of different spots of the sample’s surface
under different tilt and rotation angles. The imaging process in such a scanning electron
microscope (SEM) consists of splitting up a planar projection of a three-dimensional ob-
ject in a time component (depending on the coordinates of the scanning electron beam)
and an amplitude component (electron detector yield). Reuniting the two components
gives an image of the sample’s surface. In contrast to optical microscopes electron micro-
scopes require conductive samples and a vacuum for operation since the mean free path
of electrons is limited by their energy and the surrounding pressure.

Various information can be extracted from a SEM image: according to the energy
of the detected electrons a secondary-electron-image or a backscattered-electron-image
(e.g. by elastic scattering of primary electrons of the electron beam) is obtained. In the
latter case element-specific information is obtained. The contrast is due to the different
Z-numbers. Since the secondary electrons have a low kinetic energy (typically 15 eV) the
information depth is also very low (~ 1 nm for metals, ~ 10 nm for carbon). This yields
a high surface sensitivity of the SEM technique.

Accelerated electrons convert approximately 1 % of their kinetic energy loss in X-ray
radiation. These X-ray photons have an energy which is equal to the kinetic energy loss
of the secondary electron. Measuring the energy distribution of the X-ray photons yields
a bremsstrahlung background with element-specific peaks (energy disperse analysis of
X-rays, EDAX). The element-specific intensity is proportional to the amount of elements
present in the sample.

The contrast mechanism in SEM images is based on the dependence of the counting
rate on the angle between electron beam and sample (plane tilt contrast). This is ampli-
fied by the shading contrast resulting from the fact that secondary electrons are able to
reach the detector with a small probability even if they are shaded by other parts of the
sample (curved electron trajectories according to the electric field distribution generated
by the acceleration voltage). The contrast at edges is enhanced since secondary electrons
preferably emerge from sample edges due to the higher electric field at edges (edge con-
trast). The presence of materials of different conductivity gives rise to an image contrast,
too (conductivity contrast).

Figure 1.3 shows a SEM image of the same high-T. crystal as previously imaged by
optical microscopy (figs. 1.1 and 1.2). The previously mentioned features A’ and ’B’ are
shown in figs. 1.4 and 1.5. Tilting the sample gives a better contrast in the SEM image.
Further structure is revealed on the surface of the YBa;Cu4Os single crystal (marked
by ’s’ in figs. 1.4 and 1.5). This structure — which is apparently a very thin layer of
material on the surface of the crystal — is revealed by SEM only since this material has
a conductivity different from that of the crystal material (conductivity contrast).
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Figure 1.3: Scanning electron micrograph of the same YBa;Cu,Og crystal as shown in
fig. 1.1 and 1.2. The contrast in the image is caused by conductivity differences and edge
contrast close to crystal steps (see arrow). The surface feature labelled by A’ in fig. 1.2.
is also observed in the scanning electron micrograph.

Figure 1.4: LEFT: Close view by scanning electron microscopy of the distinct feature
labelled with A’ in the previous images. Note that the crystal was tilted in the electron
microscope to increase the step contrast (tilt angle: 50 °). Additional structures are
revealed by SEM (marked by ’s’ in the image). These structures are interpreted as a
material on the surface of the crystal with a conductivity different to the one of the
crystal.

Figure 1.5: RIGHT: Close view by SEM of the feature labelled with "B’ in the previous
images. Again additional structures are observed by SEM (marked by ’s’ in the image).
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1.1.2 Local probe methods

In contrast to the microscopical methods described in the previous section, which are all
based on magnification and focussing by lenses (conventional, magnetic or electrostatic),
this section introduces a new class of microscopical instruments that are operated without
lenses and therefore do not suffer from limitations due to diffraction. These methods use
a local probe’ that is scanned at a very close distance over the sample’s surface. The first
of these methods — scanning tunneling microscopy (STM) — was introduced by Binnig and
Rohrer in 1982 [1.6]. Based on the fundamental work on quantum-mechanical tunneling
of electrons through a thin insulating barrier between superconductors, normal metals or
a combination of them by J. Bardeen [1.7] and J.G. Simmons [1.8, 1.9], Binnig and Rohrer
have substituted the conventional thin insulating layer® between conducting electrodes by
a vacuum gap. One electrode is shaped as a sharp tip while the other is represented by the
(conducting) sample. Since the tunneling current depends exponentially on the distance z
between tip and sample the scanning tunneling microscopy method is extremely sensitive
to height changes along the axis of the tip. Figure 1.6 schematically shows a tunneling
junction of a STM tip and a sample. The theory of STM has been developed by Tersoff
and Hamann [1.10]. For a successful operation of the tunneling device Binnig and Rohrer
developed a positioning system which is able to vary the relative distance between the
two electrodes with an accuracy of fractions of an Angstrom. This positioning system
was realized by means of piezoresistive ceramics: a sharp tip at the common vertex
of three piezoresistive ceramic bars glued together with respective angles of 90 degrees
(see fig. 1.8). Application of suitable voltages to the piezoresistive bars causes them to
bend in all three directions. Today, piezoceramic tubes with four isolated electrodes are
used. Application of voltages with opposite polarity to opposite-lying electrodes allows a
movement in z- or y-direction. Length change in z-direction is made possible by applying
simultaneously an unipolar voltage to all four electrodes.

aeney
Ny

Figure 1.6: Schematic view of the tunneling junction in a scanning tunneling micro-
scope. Since the tunneling current depends exponentially on the distance z between tip
and sample a high sensitivity with respect to vertical height changes results.

Fig. 1.7 shows the basic idea behind scanning probe methods: Two (not necessarily
conductive) electrodes — of which one is shaped as a sharp probe and the other is repre-

"Usually a sharp tip (metallic or non-metallic), a thin capillary or a glass fiber.
80nly a few Angstrom in thickness.
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sented by the sample to be investigated — are brought together at a very close distance of
only a few Angstroms. The distance is adjusted by a piezoelectric approach mechanism.
By means of a local control interaction® the distance between tip and sample is kept
constant by using a feedback loop electronics. By scanning the tip over the surface using
the piezoelectric positioning system, and recording the correction movement of the feed-
back loop the surface topography can be reconstructed directly from the feedback signal.
By calibration the movement of the piezo positioning system in x-, y- and z-direction,
vertical and lateral topography information can be quantified.

In case of scanning tunneling microscopy (STM) the control interaction is the tun-

E R R e
1
| zlevel STM scandine
1 4 L
. =
]
loeazal comral

Sample

Figure 1.7: LEFT: Schematics of scanning probe methods: a sharp tip is moved by a
piezoelectric positioning system over a sample surface. The distance is controlled via a
local interaction. In case of the scanning tunneling microscope the tip and the sample
must be conductive. By applying a voltage between tip and sample a weak tunneling
current (in the nA range) is flowing if the tip is sufficiently close to the sample.

Figure 1.8: RIGHT: Positioning system made of three orthogonal piezoelectric bars.
The local probe sensor (in most cases a tip) is fixed at the common point of the three
piezo bars. Application of suitable voltages allows movement of the tip in z-, y- and
z-direction. A regulating circuit keeps the local interaction constant during scanning the
sample. The feedback loop signal is then a measure for the topography.

neling current'® flowing between (metallic) tip and (conductive) sample. Since STM
requires conductive samples Binnig et al. [1.11] have developed 1987 a further type of
microscope which can be used to investigate both insulators and conductors. It is based
on repulsive forces as a local control interaction. This type of microscope is called Atomic
Force Microscope (AFM) or Scanning Force Microscope (SFM). The principle is shown
in fig. 1.9. A microfabricated cantilever with an integrated tip is used as a local probe.
The sample is approached to the cantilever tip and is being scanned.!! The deflection of

9In case of STM this is the tunneling current.
10Typically in the order of 0.1 - 5 nA.
HThe inverse procedure is used, too: The sample is fixed and the cantilever is scanned.
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the cantilever can be read by several methods.!? Most often the beam deflection method
is used. A beam of a laser diode is focused on the metallized end of the cantilever and is
then reflected to a position sensitive detector consisting of four photo diodes'® (labelled
by ’A’ to D’ in fig. 1.9). Each segment gives a voltage on being illuminated by the
laser beam. Evaluating the voltage difference between segment A’ and 'B’ (voltage A-
B) yields the vertical deflection of the cantilever and thus the topographic information.
The voltage difference between segment ’C’ and D’ (voltage C-D) measures the torsion
of the cantilever. When both the forward and the backward scan of the cantilever are
considered the C-D signal gives information on the local friction properties of the system
cantilever tip and sample.!*

By using other interactions as a local control interaction different other types of scan-
ning probe microscopes have been invented, e.g. Magnetic Force Microsopy (MFM) by
using the magnetic interaction between a magnetic sample and a magnetic cantilever tip.

Regarding the resolution capabilities of STM/SFM they yield both lateral and vertical
resolutions in the atomic range. However, by using appropriate piezo tube scanners, even
scan ranges of 100 pm (laterally) or 5 pm (vertically) are possible. This resolution range
surpasses the capabilities of the other microscopical methods like optical microscopy,
SEM and TEM. Fig. 1.10 summarizes the vertical and lateral resolution ranges of several
microscopical methods including STM/SFM.
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Figure 1.9: Setup used for Friction Force Microscopy (FFM). A laser beam is focused
onto the back of a metallized cantilever having a sharp tip. The beam is reflected to
a position sensitive photodiode. By measuring the voltages A-B the deflection of the
cantilever is observed. C-D gives the torsion of the cantilever. The forces between tip
and sample (both not necessarily conductive) are used to keep constant the distance
between tip and sample by means of a piezo positioning system.

12 Among the most commonly used methods are: beam deflection, laser beam interferometer, capacitive
reading. Even a STM may be used to detect the bending of the cantilever.

3Called four-quadrant detector’.

14This technique modified from pure SFM is called Friction Force Microscopy (FFM).
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However, it should be noted that the geometry of the tip might have an influence
on the measured topography of the sample. A blunt tip, for example, will broaden the
image of step edges. The pyramid-shaped tip of a SFM probe makes it impossible to
image correctly the wall of a pit with an aperture angle of the pit being smaller than
that of the tip. A STM tip having several 'minitips’ will yield multiple images of a step.
Only very sharp STM tips will allow atomic resolution.
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Figure 1.10: Overview of the lateral and vertical resolution capabilities of various
imaging methods: optical microscopy (opt), phase contrast microscopy, scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM) and scanning tunnel-
ing / scanning force microscopy (STM/SFM). The unsurpassed resolution capability of
STM/SFM in vertical direction allows to image features on an atomic scale (after Binnig

and Rohrer 1982 [1.6]).

Figure 1.11: Scanning force microscopy (SFM) image of the same part of the
YBa,;Cu,y0Og crystal as imaged by optical microscopy and scanning electron microscopy.
The two surface step features previously described are labelled by A’ and ’B’. Label ’s’
denotes additional surface structure.
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In the following the same YBa;Cu4Og crystal as investigated in detail in the previous
section is examined by scanning force microscopy (SFM). The surface features A’ and
'B’ can easily be found using the SFM technique. Fig. 1.11 shows a low resolution SFM
image of the crystal. A closer view of the features ’A’ and "B’ is given in fig. 1.12. The
line section through feature A’ indicates that its height is about 200 nm. The traditional
microscopy methods would not have been able to give that accurate height information
without breaking the sample.
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Figure 1.12: SFM images of the surface structures A’ and 'B’. The fine structure
already imaged in the SEM is present on the terraces (marked by ’s’). In contrast to
optical microscopy and scanning electron microscopy, scanning probe methods are able
to give quantitative values of step heights. A line section through feature A’ (between
arrows ’'a’ and ’b’) yields the information that feature A’ is about 200 nm high.
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The spotty surface structure as revealed by SEM is being imaged by SFM as well.
In contrast to the SEM pictures (figs. 1.4 and 1.5), it has now become clear that the
spotty structure (labelled by ’s’) actually is a topographic surface layer on top of the
YBa,Cu,0g crystal surface. Its height can even be deduced from the image (see fig.
1.13). It amounts to only a few nanometres.
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Figure 1.13: Detailed view by scanning force microscopy of the topography of a terrace
on a YBayCu,sOs crystal. The spotty structure (labelled ’s’ in the previous images) is
shown here in detail. This additional layer on the crystal’s surface is only a few nanometre
thick as can be deduced from the SFM line section. According to the growth process
used to grow these crystals it is most probable that this layer consists of BaCuO; and
CuO, which are the materials used as a flux for crystal growth (see Chapter 2). This
interpretation is supported by the different conductivities of YBa;CusOg and the flux
material as observed by SEM. Without this difference in conductivity SEM would not
have been able to image a layer only a few nanometres in height.
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1.2 Materials

The materials which will be discussed in the following include various compounds of
current interest, especially synthetic'® materials. The investigations are basically di-
vided into two major classes of materials, namely layered high-T. superconductors and
allotropes of carbon (including fullerenes'®). These two classes of materials have some
properties in common, e.g. the graphite allotrope of carbon being also a layered material.
On doping with alkali metal atoms graphite becomes even a superconductor at 0.55 K
(potassium-doped graphite). On the other hand some layered high-T. superconductors
can be intercalated with iodine.!” Among the other allotropes of carbon a further super-
conductive species is found if it is doped: the fullerenes. At high pressure the fullerenes
— although a very stable species — can undergo a transformation [1.16] to the other al-
lotropes of carbon like graphite, diamond and amorphous carbon. These forms of carbon
are discussed in Chapters 4 and 5.

1.2.1 Layered High-Temperature Superconductors

The surprising discovery of superconductivity in a La; gsBag15Cu0O4 compound at a com-
paratively high temperature of about 30 K by Bednorz and Miiller at the IBM Research
Laboratory in Rischlikon in 1986 [1.17] has caused a widespread research activity in the
field of these oxides termed high-temperature superconductors (HTSC). Substitution of
some of the elements in these compounds has lead to materials with even higher critical
transition temperatures T, such as YBa;Cu3O7_s (C.W. Chu et al. in 1987 [1.18]) with
a T. = 92 K which is well above the boiling point of liquid nitrogen (77 K). In 1988, H.
Maeda et al. have discovered a compound with the stoichiometry Bi,Sr,Ca;Cuz0, with
aT.of 105 K [1.19]. In the same year Z.Z. Sheng and A.M. Hermann [1.20] presented the
discovery of a Tly,Ba;,CayCu3O ceramic with a T, of 125 K. In mid-1993 A. Schilling et
al. have announced the discovery of a 133.5 K superconductor HgBa,Ca,;Cu30¢ [1.21].
Its T can be increased under pressure up to 164 K [1.22]. In late 1993 information on new
superconducting compounds with an even higher T, of up to 250 K has become available
[1.23, 1.24]. A group from Paris (M. Lagués et al.) have prepared a thin film sample of
Bi-Sr-Ca-Cu-O built up of the so called ’infinite layer compound’ (Sro7Cag.3)0.9Cus (T
= 110 K [1.10]) with a Bi-O sheet every eighth CuO, layer [1.23]. The authors present
in their paper resistivity evidence for a T. of 250 K. J.-L. Tholence et al. [1.9] claim to

15 A material will be called ’synthetic’ if it does not already exist in nature and is synthesized by an
artificial process.

'6Fullerenes: the name goes back to Buckminster Fuller whose dome-like architecture resembles to the
cage-like structure of the fullerenes. The most abundant fullerene species is a cage with 60 carbon atoms
having a symmetry of a soccer ball.

171Bi4Sr4CasCu Oy is the stage 2 intercalation compound of the Bi;SryCaCu;Og superconductor.
The iodine layers are inserted between every other BiO double sheets resulting in an enlarged c-axis
parameter of the unit cell (6.85 nm instead of 3.06 nm for the undoped compound). A stage 1 iodine
intercalation compound with a c-axis parameter of 1.89 nm is also known [1.12-1.15]. The critical
transition temperature T is lowered by 2-10 K compared to the undoped compounds.
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have observed a resistivity drop in a ceramic HgBa;Ca;Cu30O9 sample at about 250 K
[1.24]. This resistivity drop was later found to coincide with a phase transition of ele-
mental mercury which is often present in that type of ceramic HgBa;Ca;Cu309 samples.
It remains to be clarified whether the (unreproduced) result by M. Lagués et al. [1.23]
has to be abandoned as well. Figure 1.14 summarizes the increase of T. with time.
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Figure 1.14: Increase of T. with time. The symbols ’x’ represent conventional super-
conductors, the symbols '+’ are cuprate high temperature superconductors. A '+’ stands
for copperless high temperature superconductors. The dotted line is a guide for the eye.
The existence of the compounds with a T. of about 250 K is not yet confirmed (crossed
through). Organic superconductors (including fullerene-based ones) are marked by the
symbol ’0’. The dashed line indicates the trend to higher transition temperatures in this
class of compounds.

The first synthesis route to HTSC was sintering metal oxide powders in a furnace.
The ceramic material obtained by this process consists of small (micrometre-sized) grains
that are only loosely connected. These weak links between the individual grains prevent
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the ceramic HTSC from having a high critical current density j. that would be important
for technical applications of the material. Due to the extreme properties of the HTSC
(very short coherence length below 1-2 nm and complexity of the structure) it is desirable
to prepare atomically flat surfaces. Sample quality has been improved by different prepa-
ration methods in addition to the original powder processing of granular HTSC materials.
Examples of such preparation methods are melt-texturing of polycrystalline materials,
growth of single crystals and deposition of thin films onto suitable substrates by physical
vapour deposition (PVD) and chemical vapour deposition (CVD) from various precur-
sor compounds. In a review article Schieber [1.26] has analyzed the problems in HTSC
film growth by PVD and CVD methods and has compared the film properties. Thin
film growth by PVD methods includes thermal co-evaporation [1.27], composite-target
magnetron sputtering [1.28], off-axis sputtering [1.29], pulsed laser deposition [1.30] and
others. For a comprehensive study of magnetron-sputtered films the reader is referred to
an article by Fom et al. [1.31]. Many questions concerning the outstanding properties
of HTSC thin films, compared to bulk material, are still unanswered. Explanations for
the high values of critical current densities j. in thin film samples require a large num-
ber of pinning centres for magnetic flux vortices. Structural defects such as twin planes
[1.32], stacking faults [1.33, 1.34], oxygen vacancies [1.35], screw dislocations [1.36, 1.37]
and others have been suggested as potential pinning centres. Experimental evidence of
structural defects in YBayCu3O7_s (YBCO) is summarized in an article by Kulik [1.38].

In the following the structure of some HTSC compounds will be discussed. Figure
1.15 shows the members of the YsBasCuginO1s1n (N=0,1,2) superconductors (in short
YBCO [2 4 (6+N)], or to be compatible with other notations: YBCO 123 (instead of
246), and YBCO 124 (instead of 248)) and the Bi;Sro,CaCu;Ogx compound, which is
the n=2 member of the (SrBiO),(Cu0,Ca),_1CuO4 (n=1,2,3) series. These compounds
can be more generally written as BM,B(Cu0,Ca),_1CuO, (abbreviated as [r 2 (n-1) n]
compound). B stands for Sr or Ba, M is Bi, Tl or Hg.

The BM,B(Cu0,Ca),_1CuO; compounds may be derived from the infinite layer com-
pound ((Sro.7Cag3)0.9Cuz) by introducing MO planes. Chapter 2 summarizes my inves-
tigations of YBCO 123, 247, 124 and Bi[2212] single crystals.
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Figure 1.15: LEFT: Structures of the Y;Ba,;Cug;nO141n (N=0,1,2) high-T, supercon-
ductors. The 123 compound has single copper oxide chains (Cu(1)-O(1)) serving as a
charge reservoir and copper oxide planes (Cu(2)-0O(2)/0(3)). Its T, is about 92 K. The
248 (124) compound has double copper oxide chains (Cu(1)-O(4)) and is superconducting
below 80 K. YBCO 247 has both single and double copper oxide chains (T, can be varied
as a function of oxygen content in the range of 20-95 K).

Figure 1.16: RIGHT: Structures of the Bi-Sr-Ca-Cu-O (only (d)-(f)) and Tl-Ba-Ca-
Cu-O ((a)-(f)) superconductors. In the Bi-Sr-Ca-Cu-O series T. increases from 20 K
(Bi[2201], one CuO, plane) over 80 K (Bi[2212], two CuO, planes) to 105 K (Bi[2223],
three CuO, planes).
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All these cuprate HTSC have one structural feature in common: they are two-
dimensional layered compounds.'® Of special importance are the CuO, layers. High-
temperature superconductivity is now believed to be confined in the CuO, planes, but
quite strongly depending on the so called charge reservoir blocks (i.e the (StBiO), blocks
in Bi[2212] and the Cu-O single or double chain elements in the YBCO compounds).
The layered nature of the cuprate HTSC is impressively demonstrated in fig. 1.17 show-
ing a STM image of a YBCO thin film prepared by pulsed laser deposition in a three-
dimensional representation. Investigations of different types of YBCO 123 films will be
discussed in Chapter 3.

Figure 1.17: Three-dimensional representation of a STM image of a YBCO thin film
beautifully demonstrating the layered nature of the cuprate high-temperature supercon-
ductors (image size 300 nm x 300 nm, step heights 1.2 nm).

'8Tn contrast to the conventional intermetallic compounds, K-Bi-Ba-O or the doped fullerenes which
are real three-dimensional superconductors.
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1.2.2 Allotropes of Carbon

Carbon plays an important role in biology, chemistry and physics since it forms a huge
number of compounds with manyfold properties. The different forms of elemental carbon
are called allotropes. The classical'® allotropes of carbon include graphite and diamond.
Graphite is a layered structure with a sp? hybridization type of bonding, whereas diamond
has a sp® bonding type. These ’traditional’ allotropes of carbon are subject of Chapter
4. In addition to these there exist disordered forms of carbon: disordered graphite (or
turbostratic graphite) and amorphous carbon (see fig. 1.19).

Recently a third ordered form of carbon has been discovered by Kroto et al. [1.39]: a
closed-cage molecule consisting of 60 carbon atoms which was given the name Fullerene.
Until 1990 these molecules could only be produced as a molecular beam?’ which could
be studied by mass spectrometry. The presently known three allotropes of carbon are

displayed in fig. 1.18.

Figure 1.18: Structures of the three allotropes of carbon. LEFT: Graphite, MIDDLE:
Diamond, RIGHT: Fullerene Cgg.

Fullerenes have been first produced in macroscopic amounts by Kratschmer et al.
[1.40] in 1990. The possibility to do solid-state-physics-experiments with this new al-
lotrope of carbon has stimulated widespread research activity all over the world [1.41,
1.42]. Cqg as a solid is found to form under ambient conditions a face-centred cubic lattice
with a nearest-neighbour distance of 1 nm [1.43, 1.44] (see fig. 1.20). Growth of fullerene
single crystals [1.45] and highly-ordered thin-film samples by sublimation permits more
detailed investigations of the structural properties of fullerenes. Diffraction methods such
as neutron scattering [1.46], electron diffraction [1.40] and X-ray diffraction [1.43, 1.44]
provide structure refinement of the bulk structure.

19:Classical’ means in this sense the time before 1985 which was the year of the discovery of the
fullerenes.

20Kroto et al. have used a laser beam focussed onto a rotating graphite disk to prepare a molecular
beam of fullerenes.
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Figure 1.19: Disordered forms of carbon. LEFT: Turbostratic graphite. The coordi-
nation is still similar to that of graphite even though some extra bonds between carbon
atoms are formed or others are missing. The structure is a quasi-layered one. RIGHT:
Amorphous carbon. The coordination can vary in a wide range from sp? (graphite-like)
to sp* (diamond-like). Its structure is more three-dimensional.

Local imaging methods such as TEM [1.47, 1.48] and scanning probe microscopy
[1.49, 1.50] allow a more detailed understanding of the local structure and morphology
of bulk and surface, respectively. STM has been successfully applied to image surfaces of
thin fullerene films obtained by sublimation of fullerene powders onto Au(111) substrates
[1.49, 1.50]. The results will be presented in Chapter 5.

Figure 1.20: Cg as a solid. Schematic of the fcc(111) and fec{100} faces. The (111)
face is shown by black balls (representing individual Cgo molecules). The {100} faces are
shown by white balls. The fcc lattice constant of Cgp is 1.42 nm leading to a closest-
neighbour distance of 1 nm (fcc(111) distance). The diameter of the Cgy molecules is
about 0.7 nm.
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Chapter 2
HTSC single crystals

Performing experiments on single crystals is the most desirable condition. Single crys-
tals should predominantly contain only a small number of defects. This should simplify
experiments. Similarly single crystals are ’ideal’ samples for the scanning probe tech-
niques since the surface is (in most cases) sufficiently flat. However, growing HTSC
single crystals is not very easy due to the complexity of these materials.

2.1 YBCO single crystals

Obtaining clean single-phase crystals of the YBCO superconductors is still a problem
since for the growth of these crystals a flux-method has to be used. Most crystal growth
experiments use an eutectic of YBCO and BaCuO, / CuO flux because YBCO is not
melting congruently. This raises the problem that the surface of these crystals might be
contaminated by some flux. As demonstrated in the introductory chapter (Chapter 1)
this contamination is often present on the crystal’s surface. In the following the different
types of YBCO crystals will be discussed.

2.1.1 Experimental

YBCO 123, 124 and 247 are the three presently known members of the YBCO HTSC
family.! YBCO 124 and YBCO 247 high-T, superconductors differ from YBCO 123 by
the presence of CuO double chains. This prevents these materials from being twinned?
since the CuO double chains are more rigid than the CuO single chains present in YBCO
123. An investigation of single crystals in polarized light in an optical microscope demon-
strates this clearly. Fig. 2.1 shows thin single crystalline platelets (thickness < 20 pm)
of YBCO 123, 124 and 247.* The corresponding structures of YBCO 123 and YBCO
124 are shown in fig. 2.2. The single or double CuO chains are marked by open and bold

'YBCO 125 and 126 have been observed as stacking faults in YBCO 124 and 247 samples, but could
not yet be synthesized as bulk materials.

?Twinning means in this case interchange of crystallographic a- and b-axes.

3The YBCO 123 single crystals were grown by Th. Wolf, ITP Kernforschungszentrum Karlsruhe,
Germany, see ref. [2.1].

4The YBCO 124 and 247 single crystals were grown by J. Karpinski and E. Kaldis, Federal Institute
of Technology, Ziirich (Switzerland), see ref. [2.2, 2.4].
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arrows, respectively.

The lattice parameters in the CuO, planes are similar for all YBCO compounds (a
= 0.387 nm, b = 0.382 nm). The c-parameters of the structures, however, are different.
The heights of the YBCO 123, 124 and 247 orthorhombic unit cells in c-axis direction
are 1.17 nm, 2.73 nm and 5.03 nm, respectively. For a discussion of the structural and
thermodynamic properties of the double-chain compounds the reader is referred to a pre-
vious study by Kaldis and Karpinski [2.2].

Col,0d
Bal,0L
Lk Cy2,02,3

Figure 2.1: LEFT: Optical micrographs of YBCO 123, 124 and 247 single crystal
platelets (thickness < 20 pm) in polarized light. The anisotropy of these structures in
the ab-plane leads to an enhanced charge carrier density parallel to the (single or double)
chain directions. This results is a higher reflectivity of the crystal in polarized light when
it is aligned parallel to the chain-direction (b-direction). Since YBCO 123 is twinned
(interchange of a and b) a pattern of crossed stripes is observed whereas the YBCO 124
and 247 surfaces show no structure. On rotating YBCO 124 and 247 crystals in polarized
light they appear golden (analyzer parallel to b) or black (parallel to a).

Figure 2.2: RIGHT: Structure of YBCO 123 and YBCO 124. The single Cu-O chains
in YBCO 123 are marked by an open arrow. The double Cu—O chains in YBCO 124 are
indicated by a bold arrow.

According to the phase diagram [2.2]-[2.4] (see fig. 2.3) YBCO 124 and 247 single
crystals can only be grown under high oxygen pressure. The c-axis oriented single crystals
investigated here have been grown in a flux consisting of BaCuO,, CuO and YBCO 123
with a total atomic ratio of Y:Ba:Cu = 1:3:7.5. The 124 (respectively 247) single crystals
were prepared under an oxygen pressure of 840 bar (400 bar) at a maximum temperature
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of 1100°C, which was held for 24 h. Then the crystals were cooled to 1050°C at a typical
rate of 1-3°C/h and to room temperature at a rate of 1-2°C/min. Precise temperature
control is essential since e.g. at 1000 bar only a small temperature window exists be-
tween the BaCuO, — CuO eutectic (1100°C) and peritectic temperature (1120°C). Only
temperatures within this range can be used for crystal growth [2.3].
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Figure 2.3: Pressure-temperature phase diagram for the composition YBCO 123 +
CuO (schematically after ref. [2.5]). Besides the liquid phase region (denoted ’Liq.’)
there are stability regions of YBCO 123, YBCO 247 and YBCO 124. Whereas YBCO
123 is preferentially formed at ambient pressure, at high pressures (> 1 kbar) only YBCO
124 is found. At intermediate pressures (0.01 — 1 kbar) YBCO 247 has a narrow stability

range.

2.1.2 STM investigations on thin YBCO crystal platelets
2.1.2.1 Large scale

First, the morphology of thin single crystalline platelets of the YBCO superconductors
will be discussed. The thickness of the platelets is below 20 pm (typical crystals are
shown in fig. 2.1). In contrast to these crystals there are somewhat thicker crystals
(thickness 30-50 pm) which are subject of section 2.1.3.°

STM images of the single crystals on a micron scale exhibit flat layers with single or
multiple unit cell steps. The step height is in agreement with the corresponding X-ray
diffraction data,i.e. 1.2 nm (YBCO 123), 2.7 nm (YBCO 124) and 5.0 nm (YBCO 247).
The surface of the stoichiometric compounds YBCO 247 and YBCO 124 is smoother
than that of the 123 compound demonstrating the higher thermodynamic stability of the
former phases. As an example fig. 2.4 shows an illuminated view of crystal terraces with

5Such a crystal is shown in fig. 1.1.
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unit cell steps (5 nm) on a YBCO 247 single crystal.

Figure 2.4: Illuminated view of the surface of a YBCO 247 single crystal with unit cell
steps (5.0 nm in height, c—direction). The image size is 500 nm x 500 nm. Tunneling
current I; = 1 nA, sample bias voltage U, = —200 mV.

Figure 2.5: LEFT: Modified surface of a YBCO 247 single crystal. The indentation in
the upper right half of the image is 2 unit cell deep (at the centre is the depth 3 unit
cells). The steps on the terraces are of one unit cell height in crystallographic c-direction.

Image size: 620 nm x 620 nm. Tunneling current I; = 0.3 nA, sample bias voltage U, =
800 mV.

Figure 2.6: RIGHT: Surface modification caused by increasing and decreasing the bias
voltage which resulted in steps having only a fraction of the height of a full unit cell: the
individual layers are separated by approximately 1.4, 1.8 and 0.8 nm. Image size: 400
nm x 400 nm. I; = 0.17 nA, U, = -195 mV.
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The surface of the YBCO 247 compound can be modified using STM by decrease
and increase of the tunneling bias voltage in such a way that holes of multiple unit cell
depth can be created (see fig. 2.5). Similar surface modification experiments on YBCO
123 single crystals are already known in the literature [2.6]. In some cases step heights
corresponding to a fraction of the full unit cell are observed (see fig. 2.6). Careful step
height calibration on unit cell steps before the modification experiment validates this
observation. A possible explanation might be the off-thermodynamic-equilibrium state

of 247, which favours the bond-breaking between the stable 123 and 124 sub-units.

2.1.2.2 Atomic scale

On an atomic scale approximately square atomic arrangements with two different lat-
tice constants (0.38 nm and 0.27 nm) are observed in all three systems (see fig. 2.7).

Clear atomic resolution is achieved with the 124 compound, which is thermodynami-
cally the most stable [2.2, 2.4] among the three members of the series Y;Ba CuginO144n,
(N=0,1,2). Due to the lack of twinning in 247 and 124, <100> and <010> directions
can be distinguished. In 123, only atomic rows can be resolved. This observation is in
agreement with earlier reports [2.7].

Possible distances of 0.38 nm in the YBa;CuzO7 crystal structure include Y-Y, Ba-Ba,
Cu(1)-Cu(1), O(1)-O(1) in the planes, Cu(2)-Cu(2) and O(4)-O(4) in the chains (see fig.
2.2). For the N=1 and N=2 compounds, similar arguments hold [2.8].

Additionally, on all compounds a second square atomic arrangement is observed with

Sample lattice constant Livnnet Ubias
123 thin film 0.38 nm 0.29 nA 179 mV
123 single crystal 0.38 nm 0.61 nA 408 mV
247 single crystal 0.38 nm 1.22nA 450 mV
124 single crystal 0.38 nm 0.61 nA 1382 mV
123 thin film 0.27 nm 0.29 nA 179 mV
123 single crystal 0.27 nm 0.90 nA 408 mV
247 single crystal 0.27 nm 0.29 nA 543 mV
124 single crystal 0.27 nm 0.61 nA 408 mV

Table 2.1: Tunneling parameters for the atomically resolved images of YBCO 123 thin
films, YBCO 123, 124 and 247 single crystals.

a lattice constant of 0.27 nm which can be unambiguously attributed to the O(2)-O(3)
spacing in the Cu-O planes (see fig. 2.2). Both atomic lattices can be imaged consec-
utively by variation of bias voltage (the voltage and current parameters for the images
shown in fig. 2.7 are compiled in table 2.1). No surface damage was observed after atomic
resolution imaging. Therefore it is suggested that the 0.38 nm lattice may correspond to
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the Cu(2), Y, O(1) or Ba arrangement. However, a possible surface reconstruction of the
Y;Ba,;CuginOq41n unit cells or resonant tunneling processes can not be excluded as an
explanation for the observed atomic arrangements.

On thin film samples of YBCO 123 similar atomic lattices with spacings of 0.38 nm
and 0.27 nm are observed. Since the surface of thin film samples is cleaner than that
of a single crystal angle-resolved X-ray photoemission spectroscopy experiments (using
monochromatic radiation) have been performed to determine the surface layer of YBCO
123.° These experiments show that the topmost layers of YBCO 123 are the Ba-O and
the CuO, layers. These results will be discussed in detail in chapter 3, section 3.7.

Figure 2.7: Atomically resolved images of the surface of YBCO 123 (left), YBCO
247 (middle) and YBCO 124 (right) single crystals (image size 5 nm x 5 nm). The
crystallographic directions are indicated for the untwinned compounds. UPPER ROW:
Approximately square atomic arrangement with a lattice constant of 0.38 nm. This lattice
may be interpreted as spacings Y-Y, Ba-Ba, Cu—Cu (in the planes or chains) or O-O
(in the chains or in the Ba-O layer). LOWER ROW: Atomic lattice with a periodicity
of 0.27 nm. Provided only a single atomic species is imaged this spacing is attributed to

the O(2)-0(3) distance in the CuO, planes.

SExperiments in collaboration with H.-G. Boyen and P. Oelhafen, Institute of Physics, Univ. Basel.
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2.1.3 Investigations on thick YBCO crystals
2.1.3.1 STMresults

As demonstrated in the introductory Chapter 1 thicker YBCO crystals” are often contam-
inated by flux originating from the growth process in a eutectic YBa,Cu3O7; / BaCuO, /
CuO melt. STM imaging on this type of thicker YBCO crystals leads to instable imaging
since BaCuO, / CuO flux is not conductive. However, this flux contamination of the
crystals can be removed partly by scanning the sample for a while. The images (see fig.
2.8) obtained by this process give a first idea of how the contaminated surfaces look like.®

Figure 2.8: Surface of a flux-contaminated YBCO 124 single crystal after having
scanned the sample for some minutes with the STM tip. Some flux has been removed.
The surface shows characteristic curved islands that are not present on the surface of the
thin single crystal platelets. Image size: 8 pm x 8 pm. Island height: about 2 nm.

2.1.3.2 SFM on ’thicker’ YBCO crystals

In contrast to the thin YBCO 124 and 247 crystals which show clean flat terraces with
steps of a unit cell in height (see fig. 2.9 and the discussion in section 2.1.2.) thicker’
crystals seem to be contaminated with residual flux from the growth process. This ma-
terial of low conductivity causes problems during investigations by STM. For this reason
the scanning force microscope has been applied.

"The thickness of the platelet is between 30 and 50 pm.

8 Correct’ imaging of the flux-contaminated surfaces is possible with Scanning Force Microscopy. This
is subject of the following section.

930 and 50 pm.
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2.1.3.3 Experimental conditions

The STM and SFM investigations have been performed at ambient temperature and pres-
sure without previously cleaving or treating the crystals. The STM images have been
acquired in constant-current mode with a tunneling current of less than 0.5 nA and a
tip bias voltage above +0.8 V. Different, mechanically sharpened Ptgolr;o tips have been
used for STM to exclude tip-induced artifacts. For beam-deflection-type SFM, commer-
cially available micro-fabricated cantilevers with integrated SisNy tips (force constant 0.12
N/m) have been employed. All images shown have been recorded in constant-force mode.

'"Thick' cry

=

Figure 2.9: LEFT: STM image of a thin (< 10pm) YBCO 124 single crystal platelet.
The numbers in black denote the numbers of unit cell steps in c-axis direction. No
structures are observed on the terraces.

Figure 2.10: RIGHT: SFM image of a thicker (3040 pm) YBCO 247 crystal platelet.
The height of the steps is about 5 nm. The terraces, however, are covered by barium
cuprate/copper oxide flux (originating from the crystal growth process) with a highly
curved (fractal) periphery line (perimeter). The small letters mark structures (partly
highlighted by a white line) on a wide terrace (’a’) and boundary lines of flux on narrower
terraces (’b’-’f’). Small particles (white spots in the image) decorate the flux structures.

2.1.3.4 Large scale SFM data

A typical SFM image acquired from a thicker YBCO 247 single crystalline platelet is
shown in fig. 2.10. The steps are 5 nm (one c-axis spacing) in height, but in contrast to
thin crystals the terraces are covered by some material. This material is likely to cause
the difficulties with STM imaging. The boundary of this surface contamination layer is
highly curved, at least on large terraces. Some of the boundary lines (partly highlighted
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by a white line) are labeled with small letters: ’a’ is a highly curved boundary on a large
terrace, ’b’ — ’d’ are comparatively smooth boundaries, ’e’ and ’f” show a higher degree
of complexity.

2.1.3.5 Some remarks on the crystal growth process

Kaldis and Karpinski have observed [2.2] that the single crystals of YBCO 124 and 247
are growing out of the barium cuprate / copper oxide flux at the constant temperature
of 1100°C, but are wetted by flux when the growing time exceeds approximately 24 h.
Shorter growing times yield smaller crystals. Thicker crystals are obtained when a slower
cooling rate is applied. Such crystals, however, are not free from defects and residual
flux. Similarly, residual flux is observed on the crystals if the cooling rate is too fast.
The crystals selected for this SFM study are prepared under conditions expected to yield
flux-covered surfaces. Indeed, scanning electron microscopy investigations with energy
dispersive analysis of X-rays (EDAX) have revealed that the thicker crystals are actually
contaminated by flux. An analysis of the apparent height of the contamination layer
observed by SFM agrees well with the height of the BaCuO, unit cell (cubic, a = 1.8285

nm). Hence, the observed surface layer is identified as residual flux.

2.1.3.6 Discussion of the curved boundary of the flux

Figure 2.12a shows the surface of a YBCO 124 single crystal as imaged by SFM. Some
areas of the surface with a highly curved boundary line are not covered by flux. Four
such regions are labelled in fig. 2.12a with '1’ to '4’.

The complexity of a boundary line can be characterized by determination of its

11l
'

TI
3
-

! 1 LITIRTNTY

Figure 2.11: Determination of the Hausdorff dimension of a curved line by using the
box counting method. Grids with gradually decreasing meshwidth r (’yardstick’) are put
over the curve and the number of boxes N(r) which contain a segment of the curve are
counted. The Hausdorff dimension is equal to log(N(r))/log(1/r) in the limit » — 0.

Hausdorff dimension which equals 1 if the curve is smooth, or has a value between 1 and
2 if the curve is fractal (with a fractal dimension dy). For an introduction to fractals see a
recent book by Schroeder [2.9]. A self-similar curve is characterized by a power law which
connects the apparent length L of the curve to the length of the scale unit » (’yardstick’).
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The power law exponent € is is zero for a smooth curve and non-integer negative for a
fractal curve. A practical method usually applied to determine the Hausdorff dimension
is the box counting method (this procedure is shown in fig. 2.11): a grid with a gradually
decreasing meshwidth (’yardstick’) is put over the curve and the number of boxes N(r)
which contain a segment of the curve is determined approximating L on different length
scales. d; equals log(N(r))/log(1/r) in the limit » —— 0. When L is plotted vs. 7 in a
double-logarithmic plot, a straight line is obtained. The slope of this straight line equals
€ and dy is determined by 1-e.
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Figure 2.12: (a) Fractal flux patterns on the surface of a YBCO 124 single crystal
imaged by SFM. The perimeter of four different fractal structures is marked by numbers
'1’ to '4’. (b) Fractal analysis of the perimeter of the structure labeled ’3’. The double
logarithmic plot of yardstick to measure the perimeter ('meshwidth of the grid’) vs.
perimeter reveals a linear relation. The straight line is a least-square-fit to the datapoints
("Pearson 1’ correlation coefficient = 0.988). From its slope (-0.42), a fractal dimension
of 1.42 can be deduced.

For the analysis meshwidths from 3 gm to 0.1 gm were used (this is larger than
the pixel resolution of the SFM image; otherwise this analysis would not make sense).
Figure 2.12b shows how the fractal dimension of the boundary line labeled by ’3’ in fig.
2.12a is determined: the apparent perimeter of the boundary line vs. the length scale
(’yardstick’) is displayed in a double logarithmic plot. The data is fitted by a straight
line (least-square-fit) with a slope of e = —0.42. This leads to a fractal dimension of 1.42
which is typical of a fractal boundary line. For the boundary lines of the other uncovered
areas '1’,’2’ and ’4’, similar values of the d; are derived documenting the uniform nature
of the flux layer (see Table 2.2).
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Fig. 2.10 a b c d e f

d; 1.32 0.97 0.97 0.98 1.01 1.26
Fig. 2.12 1 2 3 4
d; 1.36 1.36 1.42 1.46
Fig. 2.13 5 6 A B
dy 1.67 1.45 1.71 1.59

Table 2.2: Fractal dimensions dy of BaCuO, flux structures. The letters and numbers
refer to the corresponding labels in the respective figures.

Figure 2.13: (a) SFM image of the surface of a YBCO 247 single crystal showing a
flux contamination layer with fractal boundaries. The fractal dimension is larger close
to steps than on flat terraces. Note the ’fingering’ of flux close to steps (boundary lines
A’ and 'B’, partly highlighted by a white line). The flux contamination is always in
contact with the step from a lower terrace. The arrow indicates the migration direction
of the shrinking flux. (b) Model for the migration of flux on the crystal surface during
the growth process: (i) YBCO crystal covered by flux. After some time the flux shrinks
and migrates to the direction indicated by the arrow. (ii) Residual flux is stopped at
crystal steps and solidifies.

2.1.3.7 Flux morphology close to crystal steps

The SFM image in fig. 2.13a shows the behaviour of solidified flux in the vicinity of steps
on the surface of a YBCO 247 single crystal. A determination of d; yields significantly
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higher values than those observed on large terraces. The flux features labeled with ’5’ and
’6’ as well as the boundary lines A’ and B’ close to the steps exhibit a fractal dimension
between 1.45 and 1.71 (see Table 2.2). Note the fingering of the flux in boundaries ’A’
and 'B’.

The boundary line can also exhibit a lower fractal dimension or a non-fractal behaviour
if the steps are too close and the terrace width is too small (see fig. 2.10: boundary line
f” only shows d; = 1.26 and ’b’ — ’e’ are not fractal at all.

2.1.3.8 Interpretation and a model for flux migration

In the following possible reasons for the fractal behaviour of the flux will be discussed
and a model for flux migration on YBCO single crystals will be suggested.

Morphologies of two-dimensional fractal structures similar to the SFM images of bar-
ium cuprate/copper oxide flux are described in literature [2.10, 2.11] in terms of dense
branching morphology and unstable viscous fingering models. Typical examples are e.g.
aggregate growth by electrochemical deposition, solidification from supersaturated solu-
tion, precipitation from undercooled melts and structures generated in Hele-Shaw cells
[2.12]. This might be an indication that similar mechanisms are operative. Actually,
crystal growth from supersaturated flux, especially in the regime of high pressure, is a
non-equilibrium process. The surface tension at the interface flux/crystal might be re-
sponsible for the occurrence of fractal boundary lines of flux.

From the fact that flux is always touches a step from the lower terrace (cf. fig. 2.13a
and the schematic in fig. 2.13b) a model for flux migration on the crystal can be sug-
gested. At temperatures above the liquidification point of the BaCuO,/CuO eutectic
flux, YBCO is expected to grow from the flux until all yttrium is used-up. The crystal
is fully covered by flux (fig. 2.13b(i)). It is known from the experiments [2.8] that the
flux shrinks during cooling and migrates in direction of larger crystal thickness (indicated
by an arrow in fig. 2.13a and 2.13b(i)). Obviously, some residual flux remains on the
crystal terraces and is stopped at crystal steps (fig. 2.13b(ii)). Due to surface tension the
solidified flux forms structures with highly curved boundary lines caused by the surface
wetting properties of YBCO and flux.

2.1.3.9 Surface wetting

Some limited information on surface wetting properties of the barium cuprate / copper
oxide flux may be inferred from the fractal dimension of the solidified flux.'® Assumed
’A’ to be the barium cuprate / copper oxide flux and "B’ to be the YBCO single crystal
it depends on the cohesion energies €44 and e€4p how the flux A’ wets the surface 'B’.
In the present experiment there is only access to the morphology of the solidified flux. If
€44 is larger than €45, then the flux tends to form large compact islands with a smooth

10The ideas to this paragraph originate from a discussion with D. Tomanek, Michigan State University,
U.S.A.
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(non-fractal) boundary since it is energetically more favourable to reduce the number of
atoms that constitute the boundary of the island. In this case the boundary line is as
short as possible. In case of €44 much smaller than €45 bulk ’A’ atoms are energetically
less favoured than boundary line atoms. This results in very small islands having bound-
ary lines as long as possible. The case of a fractal boundary line is between these two
extremal cases. It might be closer to the second one.

2.1.4 Friction force microscopy on thick YBCO crystals
2.1.4.1 Distinguishing different materials

To support the claim that the previously described contamination structure is actually
different from the crystal material friction force microscopy has been performed.!'’ As
discussed in the introductory part friction force microscopy is capable to distinguish be-
tween different friction properties of materials. To demonstrate this fig. 2.14 shows the
topography (’A-B’ signal) and the friction channel (’C-D’ signal) of a SFM/FFM image
acquired from the surface of a YBCO 124 single crystal.'? A platelet (labeled A’ in fig.
2.14) is clearly seen in the topography image. With the topography information alone
the question can not be answered whether this platelet is of the same material as the
underlying crystal surface or of a different material. The friction force microscopy data
(middle and right image in fig. 2.14, forward and backward scan) clarifies this issue:
since there is no difference in friction between the crystal’s surface and the platelet’s
surface both consist of a material with the same friction properties, most likely of the
same material.'> This is quantified in the ’friction loop’ displayed in fig. 2.17.1*

A seemingly very similar situation is encountered in fig. 2.18. This topography image
shows similar platelets (labeled 'B’) on the crystal’s surface'® as in fig. 2.14. But the
platelets are of a different material compared to the underlying crystal surface as can be
inferred from the friction force microscopy data (figs. 2.19, 2.20). In these FFM images
clear friction contrast is observed. This is additionally demonstrated in the friction loop
(fig. 2.21) where two different levels of friction can be distinguished clearly (’1’ and ’2’).
The friction forces acting on scanning the crystal compare as a ratio of 2:11 yielding a
five times smaller friction force!'® when the platelets are scanned.

HCollaboration with R. Liithi, Institute of Physics, Univ. Basel, Switzerland.

12The topography forward’ and ’backward’ scans yield the same image of course.

13The step edges cause some contrast in the FFM image.

14 A friction loop consists of two scanlines. One is taken from the FFM forward scan and one from the
FFM backward scan. The corresponding topography scanline is shown in white.

15The crystal’s surface exhibits again that type of flux contaminations as described previously. See
label "F’ in fig. 2.20.

16 A friction loop has a horizontal symmetry axis ’s’ (it might be slightly sheared due to the tip’s
geometry or to distortions due to piezo creep). The ratio of friction forces is determined by evaluating
the ratio of the distances (’s™-'1’ : ’s’-’2’) of the two different levels of friction from the symmetry axis

’s’,
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Figure 2.14: LEFT: SFM topography image of the surface of a YBCO 124 single crystal.
A’ denotes a platelet on the crystal’s surface. From the topography alone it can not be
determined whether the platelet and the crystal’s surface consist of the same material
or not. The white line indicates the scanline that has been used to generate the friction
loop shown below.

Figure 2.15: MIDDLE: friction force microscopy image (forward scan). Both the
platelet and the crystal’s surface show the same contrast in friction properties. Most
likely they consist of the same material.

Figure 2.16: RIGHT: friction force microscopy image (backward scan). No friction
contrast is seen beside step edge contrast.

Figure 2.17: Friction loop of the topography scanline marked in white above. No
contrast is seen in the friction signal irrespective of step edge contrast (sharp peaks). A’
denotes the position of the platelet.

Since the spring constant (normal forces: ¢, = 0.1 N/m, transversal forces: ¢, = 2.42
N/m) and geometry of the cantilever (length I = 200 pm, width b = 21 pm, thickness
d = 0.6 pm, tip radius » = 12.5 pm) is known the lateral force can be calculated: FT,
= (3/2)A;Sci(r/l). A;is the amplitude of the lateral signal (in [V]), S is the sensitivity
factor of the high-voltage piezo-driver-amplifiers (S = 50.5 nmV~'). An absolute value
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for the lateral force on the platelets is 1.1 nN. The lateral force on the crystal surface is
higher, namely 5.8 nN (values only accurate within an calibration error of 20 %).

Figure 2.18: LEFT: SFM topography image of the surface of a YBCO 124 single crystal
with flux contaminations ’F’ and platelets '"B’. The white line indicates the scanline that

has been used to generate the friction loop shown below. Three positions are labeled by
’a’, ’b’ and ’c’.

Figure 2.19: MIDDLE: friction force microscopy image (forward scan). The platelets
and the crystal’s surface show the different contrast in friction properties implying that
they consist of different materials.

Figure 2.20: RIGHT: friction force microscopy image (backward scan). Again two
different levels of contrast are observed.

Figure 2.21: Friction loop of the topography scanline marked in white above. Two
different levels of friction are observed. ’s’ stands for the symmetry axis of the friction
loop. ’1’ and 2’ indicate the two different levels of friction. They compare with the ratio
2:11 implying more than 5 times smaller friction on the platelet structures. ’a’, ’b’ and
’c’ denote the positions indicated in the topography scanline.
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Figure 2.22: LEFT: SFM topography image of the surface of a YBCO 247 single
crystal with flux contaminations 'F’ and slab-like particles ’C’ on the crystal surface
which are aligned to directions perpendicular to each other. Small particles decorate
the flux contamination layer ’F’ and not the area ’C’ which might be an indication of a
different reactivity.

Figure 2.23: MIDDLE: friction force microscopy image (forward scan). The flux layer
(BaCuO,), the aligned slab-like particles (possibly CuO) and the decoration particles on
the flux layer show all different contrast.

Figure 2.24: RIGHT: friction force microscopy image (backward scan). The contrast
is reverse in the backward scan compared to the forward scan implying the presence of
different materials.

2.1.4.2 FFM results on flux-contaminated crystals

To interpret the SFM images of the thick YBCO crystals FFM data of the BaCuO, /
CuO flux contamination is shown. Figs. 2.22 — 2.24 show SFM/FFM images of the
surface of a YBCO 247 single crystal with typical flux contamination. Three types of
structure are distinguished: the crystal surface with some slab-like particles aligned in
two directions perpendicular to each other'” (’C’), the BaCuO, flux layer'® (’F’) and
some small particles'® decorating the flux layer. As seen from the FFM data (figs. 2.23
and 2.24) all three types of structure yield different contrast in the friction channel imply-
ing the presence of three materials with different friction properties.?’ Since the friction
data is comparatively noisy a quantitative analysis of the friction forces is not useful.

1"From the crystallographic point of view and if the crystal growth conditions (growth in a BaCuO,
/ CuO flux) are taken into account it may be suggested that these slab-like particles could be CuO
particles.

8The height corresponds to a single layer of BaCuO, (1.8 nm). The structure of BaCuO, is cubic
with ¢ = 1.8285 nm.

9Their sizes are below 100 nm. However, it cannot be excluded that some tip-geometry induced
artifacts affect the apparent diameter of much smaller particles.

20The small decoration particles give the highest friction force.
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SFM/FFM images depicting BaCuO, flux structure with a fractal boundary line as dis-
cussed in section 2.1.3 are shown in figs. 2.25 — 2.27.

Figure 2.25: LEFT: BaCuO, flux structure with a fractal boundary line (SFM topview
image). Note that the step in the middle of the image is decorated with small particles.

Figure 2.26: MIDDLE: FFM forward scan. The BaCuO,—covered areas differ in friction
signal from the uncovered areas.

Figure 2.27: RIGHT: FFM backward scan. The contrast is reverse compared to the
forward scan.

2.1.4.3 Relevance in terms of crystal growth

The friction force microscopy information can be used to obtain information on crystal
growth. Fig. 2.28 shows the topography image of a YBCO 247 single crystal. Obviously
the flow of crystal steps (’S’, upper right half of fig. 2.28) has been obstructed at a
position on the crystal’s surface which would be classically called a pinning centre for
growth steps ("P’). With the topographical information only it is not possible to explain
why the steps are pinned. The lateral force information (figs. 2.29 and 2.30) reveals
the answer: the growth steps have been obstructed by some stick-shaped particle that
causes different lateral forces in the friction force signal. It is covered by the same kind
of small particles ("ep’, contaminant particles) as those decorating the BaCuO, flux (’F”).

2.1.5 Conclusion

STM and AFM images of the surface of YBCO 124 and 247 single crystals have been
presented. Thin crystal platelets have been found to exhibit clean terraces with steps of
one or multiple unit cell spacings in c—direction, whereas thicker platelets are contami-
nated by residual barium cuprate/copper oxide flux with a fractal boundary line. The
fractal dimension of this outline is about 1.4 for flux-covered regions on large terraces.
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However, it is significantly larger close to crystal steps. A possible origin for the fractal
boundary line may be found in the different surface wetting properties of YBCO and
barium cuprate / CuO flux leading to a competition between formation of small flux
islands with a total periphery line as long as possible on one hand and coalescence of
islands to a compact flux layer on the other hand. A model has been presented for flux
migration during the growth process based on the observation of flux shrinking during the
cooling process. SFM images show residual flux stopped at crystal steps. The migration
direction of the shrinking flux as inferred from the crystal growth experiment is the same
as the one derived from the SFM images.

The application of friction force microscopy (FFM) to thick YBCO crystals with flux
contamination has been found to be a useful supplement to interpret the results in a
more general way. FFM has shown that the suggested interpretation?' of the surface
layer with a fractal boundary line as a non-YBCO contamination layer (possibly barium
cuprate/copper oxide) is correct. In some cases information on the crystal growth process
is obtained by relating the morphology to friction contrast.

Figure 2.28: LEFT: Topography of a YBCO 247 single crystal. The step flow (’S’)
during the growth process has been obstructed by a pinning centre for steps (’P’). 'F’
denotes BaCuO; flux on the crystal surface. Contaminant particles (’cp’) decorate the
flux.

Figure 2.29: MIDDLE: FFM forward scan. The pinning centre for steps reveals different
friction properties than those of the crystal surface implying the presence of a secondary
phase in the crystal responsible for the obstruction of step flow.

Figure 2.30: RIGHT: FFM backward scan. The contrast reversal confirms the inter-
pretation of different contrast in the lateral force image in terms of friction.

21Based on the observation of different conductivities in SEM, and on thickness measurement of the
contaminant layer.
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2.2 BSCCO 2212 single crystals

Evidence of superconductivity above 77 K in a Bi-Sr-Ca-Cu-O compound was first re-
ported by Maeda et al. in 1988 [2.13]. A superconducting phase (7. = 80 K) with an
approximate stoichiometry of Bi;SroCaCu,Osg (in short BSCCO 2212) was rapidly iden-
tified [2.14, 2.15].

2.2.1 Crystal growth

In contrast to the YBCO compounds that melt incongruently BSCCO compounds melt
congruently, i.e. it is not necessary to use a flux solution for crystal growth.

Single crystals of BSCCO 2212 were grown by use of a self-flux technique. Appro-
priate amounts of analytical-grade powders of Bi;O3, CaCOj3, SrCO3 and CuO were
placed in an alumina crucible and melted in an electrically heated chamber furnace at
about 970°C for 24 h and then cooled to 820°C at a typical rate of 2 K/h. Thereafter,
the solidified melt was furnace-cooled to room temperature. Shiny BSCCO(001) crys-
tal platelets (typical size: 2 mm x 1 mm) were mechanically removed from the solidified
matrix. Images of a cleaved crystal obtained by optical microscopy are shown in fig. 2.31.

Figure 2.31: Optical micrographs of a cleaved BSCCO 2212 single crystal showing flat
terraces and cleavage steps.

2.2.2 Characterization

The orientation of the platelets was confirmed by X-ray diffraction (see fig. 2.32). The sto-
ichiometry was determined using energy dispersive scattering of X-rays analysis (EDAX,
EDS) in a scanning electron microscope (SEM) by comparing it to the spectrum of a
BSCCO 2212 powder sample (fig. 2.33). The ’Al’ and ’Ag’ lines are caused by the
sample holder (aluminum) and the silver paint used to mount the samples. A quantita-
tive analysis of the spectra yields a approximate stoichiometry of Bi:Sr:Ca:Cu = 2:2:1:2.
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However, the accuracy of the determination is limited to about + 20% since no elemental
standards were used.

The electrical and magnetic properties of the BSCCO 2212 single crystals were de-
termined using the standard 4-probe resistivity measurement technique and a vibrating
sample magnetometer. Both methods reveal a transition to superconductivity at 7T, =

80 K (R = 0) (see figs. 2.34 and 2.35).
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Figure 2.32: LEFT: X-ray diffraction (XRD) Cu K, spectrum of a BSCCO 2212 single
crystal platelet. The occurrence of (002¢) reflections implies the (001) orientation of the
platelet.

Figure 2.33: RIGHT: Energy dispersive scattering of X-rays analysis (EDAX, EDS)
performed in a scanning electron microscope. Top: BSCCO 2212 powder reference spec-
trum. Bottom: EDS spectrum of the BSCCO 2212 single crystal.
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Figure 2.34: LEFT: Four-probe resistivity measurement of a BSCCO 2212 single crys-
tal. A sharp transition to superconductivity is observed at 7. = 80 K.

Figure 2.35: RIGHT: Meissner effect of the BSCCO 2212 single crystal sample demon-
strated by a diamagnetic signal below 7, = 80 K. The diamagnetic signal saturizes at a

value -M,.
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2.2.3 Structure and TEM

BSCCO 2212 has an orthorhombic crystal structure (¢ = 5.41 A,b=542 A, ¢c=309A,
see tetragonal sub-cell with lattice constants a; = 3.8 A and ¢, = 30.9 A in fig. 2.40 for
comparison). It shows a one-dimensional (1d) superstructure modulation with a period of
27 A in transmission electron microscopy [2.15, 2.16]. The origin of this modulation was
found to be due an additional row of oxygen atoms which is inserted between two rows
of Bi atoms every ten rows of Bi atoms [2.17] or modulated displacement of the Bi atoms
along b. Fig. 2.36 shows a transmission electron microscopy (TEM) image (cross-section
geometry) of a BSCCO 2212 single crystal (reproduced after Y. Matsui et al. [2.16]. A
plane-view TEM image is shown in fig 2.37.22 The superstructure modulation with a pe-
riodicity of 2.7 nm appears as parallel stripes spaced by 1.35 nm. The distance between
the stripes is only half the value which would be naively expected since the BSCCO 2212
is shifted at its half height by a lattice vector (a/2, b/2, 0). This is reflected by the
space group A2aa (no.37) which causes extinction rules for the (h00), (0k0) and (hkO0)
reflections if h and k are odd. Thus only the even reflections will contribute to the image
and the distances between superstructure lines will be reduced to half the value (= 13.5
A). This is intuitively obvious when electron transmission along [001] is considered.

fll

is

Figure 2.36: LEFT: Transmission electron micrograph of a BSCCO 2212 single crystal.
The 27 A modulation is visible as ellipsoidal areas of darker contrast in the image. The
view direction is perpendicular to the [001] direction (cross-section image). This TEM
image is taken from Y. Matsui et al. [2.16].

Figure 2.37: RIGHT: Transmission electron micrograph of a BSCCO 2212 single crystal
in planar geometry (the crystal is of the same batch as those investigated in this chapter).
The superstructure appears as stripes at a distance of 27 A.

22This transmission electron micrograph has been acquired from a BSCCO single crystal grown at
Basel. A Philips CM 200T TEM was used. Image by Dr. D. Hesse and Dr. S. Senz, Max-Planck-
Institute for Microstructure Physics, Weinberg 2, D-06120 Halle (Saale).
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The diffraction image (fig. 2.38) shows a rectangular spot pattern due to an atomic
lattice plane distance of 2.7 A. This is half the spacing of the orthorhombic unit cell
of BSCCO 2212. Due to the above mentioned extinction rules only (h00), (0k0) and
(hkO0) reflections with h and k both even are allowed. This leads to a closest lattice-plane
distance of 2.7 A. The (200) reflection is marked by an arrow in fig. 2.38. Additional
reflections due to the superstructure are only found along the [100] direction. These
reflections (labelled ’s’) are attributed to the superstructure with a distance of 13.5 A
(about 5x2.7 A) The corresponding lattice image is shown in fig. 2.39. The lattice
plane spacing is 2.7 A corresponding to the half length of the a and b axis parameters of
BSCCO 2212 (see fig. 2.41).

T

._'1‘
i

4
wh

-y
E
.

Figure 2.38: LEFT: Electron diffraction image of a BSCCO 2212 single crystal in
planar TEM geometry (incident electron beam along [001]). The (200) reflection of the
atomic lattice is indicated. Label ’s’ denotes a superstructure modulation reflection. The
superstructure is solely found along [100].

Figure 2.39: RIGHT: High resolution transmission electron micrograph of a BSCCO
2212 single crystal in planar geometry using the {200} and {220} reflections for inter-
ference. Atomic columns are clearly resolved at a distance of 2.7 A. The superstructure
modulation appears with a periodicity of about 5 times the atomic distance (about 13.5
A) The 'missing’ factor of 2 to the expected values is explained by the extinction rules

of the space group of BSCCO 2212 (A2aa, no. 37).
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Figure 2.40: Structure model of BSCCO 2212. The crystal class is orthorhombic with
a=541A,b=>542 A, ¢ =309 A. A tetragonal sub-cell is shown (a; = 3.8 A and ¢, =
30.9 A).

Figure 2.41: Schematic view of the atomic lattice expected for a surface sensitive
method like STM (middle) and for a bulk method like TEM (right). The STM senses
the Bi (or O) atoms at a distance of 3.8 A (a lower BiO plane is shown by open circles),
and the superstructure runs at an angle of 45 degrees with respect to the atomic lattice.
The TEM however, shows atomic columns spaced by 2.7 A and the superstructure runs

parallel to the atom rows.

Figure 2.42: LEFT: Scanning electron micrograph of a BSCCO 2212 single crystal
showing macrosteps and flat terraces.

Figure 2.43: RIGHT: Three dimensional rendition of a STM image of a BSCCO 2212
single crystal. Apart from the big macrostep in the foreground STM is also capable to
image unit-cell steps (on the terrace).
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2.2.4 Micron scale (SEM and STM)

To obtain information on the morphology of the BSCCO 2212 single crystals grown as
described above scanning electron microscopy and scanning tunneling microscopy have
been performed. Fig. 2.42 shows a SEM micrograph of a BSCCO 2212 single crystal
with macroscopic growth steps. A similar step is imaged by STM as well (see fig. 2.43).
In contrast to SEM, STM is capable to image unit cell steps and to give quantitative
information on step heights.

2.2.5 Nanometer scale

Imaging the surface of BSCCO 2212 single crystals on atomic scale under ambient
conditions?® is reported to be very difficult. This is due to the high surface reactiv-
ity of BSCCO 2212 with the ambient. BSCCO 2212 is not as sensitive to humidity as
YBCO?* but the BiO layers®® are hygroscopic.

Figure 2.44: LEFT: Scanning force micrograph of a BSCCO 2212 single crystal imaged
in air. Small flat ball-like structures (about 20 nm in diameter) cover the surface.

Figure 2.45: RIGHT: Writing of 'dots’ (labelled ’D’) and ’lines’ (marked by arrows)
with a STM tip. Consecutive scanning of a small area with an higher tunneling current
(larger than 2 nA) removes the particles and leaves a trough instead. The ’written

structure’ is 'read’ afterwards by scanning a larger area with a tunneling current well
below 1 nA.

Scanning force microscopy reveals that the surface of BSCCO 2212 single crystals is

23In air, at room temperature.

24YBCO is forming barium hydroxides and carbonates on being exposed to humidity.

25The BiO layers constitute the surface layer (and cleavage plane) in [001] direction of the BSCCO
2212 compound.
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actually contaminated if investigated in air. Figure 2.44 shows small particles covering
the crystal’s surface.? The particles can be removed by continuously scanning an area
for a few minutes. This process can be used for patterning the crystal’s surface.?” Figure
2.45 shows an example of three lines ’written’ by scanning a small area with the STM
tip and imaging later a larger area.

Figure 2.46: LEFT: STM topview revealing the 1d modulation with a period of 27 A
(parallel stripes in the image).

Figure 2.47: RIGHT: Atomically resolved modulation structure of BSCCO 2212. The
square atomic lattice has a lattice constant of 3.8 A which is interpreted as either the
Bi or the O lattice in the Bi-O surface layer. The white line indicates the section shown
below.

2.2.6 Atomic scale images

To obtain atomically resolved STM images a different procedure is necessary [2.22]. STM
imaging of the superstructure with atomic resolution on cleaved BSCCO 2212(001) single
crystals has been obtained in ultrahigh vacuum or noble gas environment [2.18, 2.19].
In the present work a stainless steel glove box containing high purity argon is used
to perform STM on BSCCO 2212 single crystals. A gas purification system lowers the
O3, N; and H;0O impurity levels beyond the detection limit of 1 ppm. Prior to STM
imaging, the crystals were cleaved in the glove box along the [001] direction to prepare
an uncontaminated surface. Figure 2.46 shows a STM image of the one-dimensional su-
perstructure modulation with a periodicity of 27 A. This superstructure is shown with

26SFM image courtesy by L. Howald, Institute of Physics, University of Basel.

2"However, it should be noted that this patterning is not long-lasting. Since the contamination from
the ambient is continuously covering the crystal’s surface the *written’ structures disappear after a short
time.
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atomic resolution in fig. 2.47.?® The approximately square atomic lattice with a spacing
of 3.8 A is attributed to the Bi or O atoms in the Bi-O planes which represent the cleav-
age planes of BSCCO 2212. A section (fig. 2.48) is indicated by a white line showing the
atomic corrugations and distances (3.8 A). Since the section is chosen along the atomic
rows the superstructure modulation is running at an angle of 45 degrees. This leads to
an apparent modulation period of V2 - 27 A.

MMﬁ M I %W |

Figure 2.48: Line section along the atomic rows of BSCCO 2212. The atomic spacing
(’at’) is 3.8A. Since the modulation runs at an angle of 45 degrees with respect to the
atomic rows the superstructure modulation period ('mod’) appears as v'2 - 27 A.

2.2.7 Substitution of Ca with La

Substitution of certain elements in BSCCO 2212 leads to suppression of this modulation
without affecting superconductivity [2.20, 2.21]. Substitution of Ca with La leads to a
compound that is isostructural to BSCCO 2212 but exhibits no superstructure modula-
tion. Its composition is BiySryLaCu,0g,% in short BSLCO 2212. Motivated by this fact
BSCCO 2212 and BSLCO 2212 single crystals are compared by performing STM.

BSLCO single crystals®® were obtained by melting the appropriate mixture of the
powders (using La;Oj3 instead of CaCOj3) at 1000°C and cooling at a rate of 8 K/h to
800°C followed by furnace cooling.

Figures 2.49 and 2.50 show atomically resolved images of the surfaces of BSCCO 2212
and BSLCO 2212. Whereas the superstructure modulation is clearly observed in BSCCO
2212 no modulation is found in BSLCO 2212.

28Tunneling conditions: I, = 0.6 nA, U; = 140 mV.

29This compound is not superconductive to the present knowledge (no superconductivity was found
down to 4.2 K). In this context emphasis is put on the fact that BSLCO 2212 is isostructural to BSCCO
2212.

30The BSLCO crystals are very tiny. The edges of the thin platelets are only 0.1 mm in length.
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2.2.8 Conclusion

BSCCO 2212 has several advantages compared to YBCO 123. First, the compound melts
congruently which facilitates the growth of single crystals. Second, BSCCO 2212 has a
well-defined cleavage plane in [001] direction since the weakest bonds between atom planes
are between the Bi-O layers. For that reason the surface of BSCCO 2212 is well known.3!
However, a strong surface reactivity of the BSCCO compounds with the ambient leads to
surface contamination. For that reason surface investigations®? require an inert environ-
ment (noble gas or vacuum) and the possibility to cleave the crystal prior to measurement.

Figure 2.49: LEFT: STM topview showing the one-dimensional superstructure modu-
lation of BSCCO 2212 with a period of 27 A. A mesh of the atomic lattice is marked.

Figure 2.50: RIGHT: STM image (same scale as the image on the left side) of a
compound isostructural to BSCCO 2212 with the composition Bi,SroLaCu,0s (BSLCO
2212). No modulation is observed.

31The surface layer of YBCO 123 is still not yet completely determined. See the XPS experiments in

section 3.7.
32like STM, XPS etc.
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Chapter 3
YBCO thin films

Unlike single crystals the growth of thin films requires no flux. For that reason a clean
surface of the films is to be expected. This chapter is divided into several sections
describing the growth of YBCO thin films by pulsed laser deposition on different sub-
strates and by different methods like metalorganic chemical vapour deposition, thermal
co-evaporation (molecular beam epitaxy) and liquid phase epitaxy. Each section intro-
duces a new method or initiative in addition to scanning tunneling microscopy in order
to provide further information on YBCO growth. This includes for instance:

e the application of a half-shadow technique to grow films with a thickness-gradient
for a study of the growth stages occurring at different film thickness,

e relating X-ray diffraction data to the film morphology,
e a study of the film morphology by transmission electron microscopy,

o the use of reflection high energy electron diffraction (RHEED) to characterize film
growth and the relationship to STM images,

e and assigning atomic surface lattices of YBCO observed by STM to the chemical
information on the YBCO toplayer obtained by monochromatized X-ray photoelec-
tron spectroscopy.

3.1 Introduction

Deposition of thin films onto suitable substrates by physical vapour deposition (PVD)
and chemical vapour deposition (CVD) from various precursor compounds has nowadays
become a reliable method to prepare high-quality samples of the high-temperature su-
perconductors. In a review article Schieber [3.1] has analyzed the problems in HTSC
film growth by PVD and CVD methods, and has compared the film properties. Thin
film growth by PVD methods includes thermal co-evaporation [3.2], composite-target
magnetron sputtering [3.3], off-axis sputtering [3.4], pulsed laser deposition [3.5] and oth-
ers. For a comprehensive study of magnetron-sputtered films the reader is referred to
an article by Fom et al. [3.6]. Many questions concerning the outstanding properties of

59
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HTSC thin films, compared to bulk material, are still unanswered. Explanations for the
high values of critical current densities, j., in thin film samples require a large number
of pinning centres for flux vortices. Structural defects such as twin planes [3.7], stack-
ing faults [3.8, 3.9], oxygen vacancies [3.10] and others have been suggested as potential
pinning centres. Experimental evidence of structural defects in YBay,Cu307_s (YBCO)
is summarized in an article by Kulik [3.11].

Recently, it has been proposed that screw dislocations observed by STM in thin films
of YBCO could act as pinning centres [3.12, 3.13]. The high number density of screw
dislocations (about 10°/cm?) should partially explain the critical current densities j. (at
77 K) greater than 10°A/cm? measured for magnetron-sputtered YBCO thin films.

Similar STM images have been obtained also from thin films prepared by pulsed
laser deposition. Fig. 3.1 shows the surfaces of YBCO 123 films on MgO(100) and
SrTiO5(100). Each growth hill clearly shows a screw dislocation with a Burgers vector
component perpendicular to the film’s surface. In SEM images, however, no such struc-
ture is observed.

Since electrical transport properties and film structure are closely related, close con-
trol over film growth is essential for an improvement of electrical transport properties.
Using thermal co-evaporation, early stages of YBCO film growth on SrTiO3(100) have
been monitored in situ by reflection high-energy electron diffraction (RHEED) as re-
ported by Terashima et al. [3.14]. Scanning electron microscopy (SEM) images of such
films reveal very little contrast [3.15]. Transmission electron microscopy (TEM) gives
valuable information on film growth as well; TEM studies on the initial growth of YBCO
on MgO(100) have been performed by several groups [3.16, 3.17].

Figure 3.1: LEFT: STM image of a YBCO thin film grown by pulsed laser deposition
(PLD) on a MgO(100) substrate. MIDDLE: STM image of a YBCO thin film grown by
PLD on a SrTiO3(100) substrate. RIGHT: SEM image of a YBCO thin film prepared
by PLD on MgO(100). Only a glimpse of the growth hill structure can be observed due
to the limited vertical resolution of SEM.
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STM has already been successfully applied to high-temperature superconductors.
Step structure imaging and atomic resolution have been achieved on freshly cleaved sin-
gle crystals of Bi,Sr,CaCu,0sg [3.19] and T1l,Ba,CaCu,0s [3.20] in ultrahigh vacuum or
inert gas environment. Thin films of YBa;Cu3O7_s, as mentioned before, exhibit an
abundance of lattice defects, especially screw dislocations, revealed by STM [3.12, 3.13].
Similar results have been reported by several groups [3.21] — [3.31] using different meth-
ods for thin film preparation. Now the STM results obtained from the surface of YBCO
thin films prepared by pulsed laser deposition will be presented.

Figure 3.2: Schematic view of a vacuum chamber for pulsed laser deposition. (1) sub-
strate heater, (2) substrate, (3) thin film, (4) laser beam, (5) laser plume, (6) electrostatic
lens, (7) hose for the introduction of oxygen to the chamber, (8) target pellet (rotatable),
(9) focussing lens system, (10) excimer laser, (11) vacuum chamber.

3.1.1 Pulsed laser deposition

The successful application of the method of pulsed laser deposition (PLD) to the growth
of high T, superconductor thin films goes back to a study by D. Dijkkamp, T. Venkatesan
and co-workers [3.5] in 1987. By focusing an Excimer' laser beam? onto a polycrystalline
target of the superconductor, material is removed (ablated) without heating the target.?

!Excimer = excited dimer. Frequently gas mixtures like KrF, ArF and XeCl are used. A high voltage
discharge ionizes, e.g., a mixture of Kr and F, gases. Krt and F~ form an metastable excited dimer
that decays on a nanosecond time scale by a optical/UV transition to its initial components. Since an
excimer does not have a stable ground state, population inversion is obtained automatically leading to
laser radiation.

2Excimer lasers are used because of its short wavelength in the UV.

3This is essential for not changing the stoichiometry of the material to be ablated. When using lasers
of larger wavelength, e.g. CO lasers or Nd-YAG lasers (wavelengths around 1 pm), the energy of the laser
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The advantage of this technique is the possibility of conserving the stoichiometry of the
target material and transferring it to the film being grown.

Figure 3.2 shows schematically the basic principle of PLD as realized in the PLD
chamber in Basel.? A high vacuum chamber (11) contains the polycrystalline target (8)
made of the material that should be grown as a thin film (3) on a substrate (2). The
target may be rotated to avoid preferential ablation. The substrate can be heated by a
electrical heater (1). The beam (4) of the excimer laser (10) is focussed by a lens system®
(9) through a window of the vacuum chamber onto the rotating target.® Some target
material is being ablated in a plume (5) and is condensed on the substrate to form a thin
film. For the growth of HTSC the introduction of oxygen by a hose (7) [3.32, 3.33] and
the use of an electrostatic lens (5) is advantageous.

3.1.2 Preparation of YBCO thin films

Thin films of YBCO were deposited by PLD on single crystal substrates” in a high-vacuum
chamber. Prior to film deposition, the substrate was optically polished® and ultrasoni-
cally cleaned in acetone and then attached with silver paste to the heating block which
enables heating up to 900°C. The temperature was measured using a chromel-alumel ther-
mocouple embedded in the block.? After evacuating the deposition chamber to 10~* Pa,
oxygen was inserted through a needle valve to equilibrate at a partial pressure of 27 Pa.
YBCO was evaporated with a KrF excimer laser'® focussed to an energy density of about
2.5 J/cm? onto a stoichiometric target being rotated to ensure continuous ablation. The
target was prepared by a solid state reaction of Y,03, BaCO3 and CuO in appropriate
amounts at 950°C for 12 h in an oxygen atmosphere. This process was repeated at least
five times with intermediate grinding and pressing steps at a hydrostatic pressure of about
10° Pa. Careful target preparation aimed at perfect stoichiometry (Y:Ba:Cu = 1:2:3) and
high density turned out to be essential for the growth of high quality films. Following the
YBCO films were deposited at temperatures between 575 and 805°C. Films of a typical

beam is dissipated to heating of the target. Excimer lasers, however, cause photolysis of the material
without heating it to such an extent that its stoichiometry is changed.

4This chamber has been built by T. Frey and R. Sum.

SLenses for UV transmission (KrF, 248 nm wavelength) are made of high quality quartz glass.

6For geometrical reasons an angle of 45 degrees between incident laser beam and target normal is
frequently used.

"Single crystalline platelets of LaAlO3, SrTiO3, MgO and Mg,TiO4-coated MgO have been used.
The thickness is 0.5 — 1.0 mm and the size ranged from 2 to 100 mm?.

8This means if investigated in an optical microscope no scratches are found. This does of course not
imply smoothness on an atomic scale. A study of the substrate topography is found in [3.34].

9For comparison an optical pyrometer was used. The temperatures measured by the pyrometer are
about 20°C lower than those measured by the thermocouple. To correct for that a thermocouple was
put into a small hole drilled into a MgO crystal platelet yielding the temperature close to the surface of
the substrate crystal. This temperature agrees very well with the one determined by the pyrometer. All
temperatures given below are to be understood as pyrometer temperatures.

19Lambda Physik LPX 301i, A = 248 nm, 1.2 J/shot.
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nominal thickness of 200 nm'' were grown at laser repetition rates between 5 and 10
Hz. To induce the tetragonal-to-orthorhombic phase transition.!? oxygen atmosphere of
10° Pa was equilibrated and the heating block was subsequently cooled to 500°C at a
cooling rate of 5 deg/min and then cooled down to room temperature as fast as possible!?

3.1.3 Half shadow technique

For a study of thin film growth it is desirable to prepare films with different film thick-
nesses under similar deposition conditions using identical target and substrate materials.
Therefore a half-shadow technique' was used which permits the preparation of thin films
with thickness gradients. Thus different film thicknesses are created on a single substrate
crystal applying identical deposition parameters. These films are referred to as thickness-
gradient films. Figure 3.3 shows a schematic drawing of the laser evaporation chamber
modified for the half-shadow technique. A shutter between the rotatable target and the
substrate crystal partially shades the substrate, so that material is deposited on the sub-
strate at different rates, depending on the lateral position on the crystal.

| HEATER |

I I W | i
THIN FILM-={ = SUBSTRATE

= SHUTTER

=-LASER FLUBRME

i "'-'_:,'_-.'.'_-tl- IO, COIL

Figure 3.3: Modified setup for the growth of thickness-gradient films. The insertion of
a shutter partially shades the substrate and causes three different regions: (I) continuous
film of defined thickness, (II) half-shadow region with steadily decreasing film thickness,
and (III) uncoated substrate surface.

Thus basically three different regions on the substrate crystal are distinguished (indi-
cated in fig. 3.3). In the first region (I) a continuous film of defined thickness is formed.
In the half-shadow region (II) the film thickness steadily decreases. Finally, in the third

1Tn case of YBCO on LaAlOj3 the thickness amounted up to 1.2 um (deposition time 20 minutes).
I2This is important to obtain the superconducting orthorhombic phase of YBCO.

3The heater was simply switched off.

14This suggestion is due to Dr. H. Haefke.
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region (III) the substrate surface remains uncoated. By this simple procedure, different
growth stages of YBCO thin films can be prepared under identical conditions in a single
run taking advantage of the gradual decrease of film thickness. The lateral extent of
the half-shadow region can be influenced by varying the distance between shutter and
substrate. However, it should be mentioned that the thickness gradient depends on a
gradient in the deposition rate which varies in the half-shadow region from zero up to
the rate determined for the continuous film. This fact is of minor importance for these

t.15

studies due to the use of pulsed laser deposition in the experimen A photograph of a

thickness gradient film is shown in fig. 3.4.

1 mm

Figure 3.4: Photograph of a thickness-gradient film as prepared by the half-shadow
technique described above (YBCO film on LaAlOs3). (I) — (III) see above.

3.1.4 Some remarks on thin film growth

The classical theory of film growth in thermodynamic equilibrium suggests three basic
growth mechanisms. For film growth a substrate ’s’ is required. An overlayer ’o’ (film) is
grown. The surface of the overlayer is exposed to the vacuum ’v’ (fig. 3.5). The interfaces
substrate—overlayer, substrate-vacuum and overlayer-vacuum and the free energies are
crucial for the way the film growth proceeds.

Vacuum "'

.-'JJ'"'r"IJ'"'.-"'.-Ir"IJ"'a"r.-"'.-'f,-'f Cherlayer "o
A \ Substrate "s'
A

Figure 3.5: Schematic view of a thin film sample.

15Pulsed laser deposition is, as the name implies, a growth method with discontinuous material flow.
For that reason the growth is not a continuous process.
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The three mechanisms are distinguished by the relations between the free energies
Oovy O and 0,,.'° The energy gained by overlayer growth is determined by:

AO’ = 0oy — Ogy — Og0o

In case of the so-called Frank-van-der-Merwe or layer-by-layer growth mode Ao is
equal to 0. For the Vollmer-Weber or island growth Ao is smaller than 0, and for the
Stranski-Krastanov or layer-island growth mode Ac is larger than 0. Figure 3.6 illus-
trates these three possibilities of film growth.

A H: i
Frank-van der Morwe: Yalmer-Vder: Stranski-Krestaner
(lager-by-laper growih) (slanid-prowthp (aver-izland growihi
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Figure 3.6: The three basic modes discussed in thin film growth.

3.1.5 Crystal surfaces

This section briefly summarizes the basic defects which may occur on a real crystal sur-
face. Please refer to fig. 3.7. On perfect flat terraces (T) some additional atoms, called
ad-atoms (A) may be present. Other atoms, called vacancies (V) are missing. Monatomic
(monomolecular) steps (M) separate the terraces from each other. These ledges may have
steps as well called kinks (K). Missing or additional atoms in the ledge are called vacancies
in the ledge (VL) or adatoms in the ledge (AL). If an additional lattice plane perpen-
dicular to the terrace intersects with the terrace it is termed an edge dislocation (E).
If the additional lattice plane is inserted parallel to the terrace it is called an emerging
screw dislocation (S). The vaporization energy of surface atoms bound in a terrace (5
neighbours) is much larger than that of atoms bound to a step (3 neighbours) in a simple
box model. The smallest vaporization energy is that of an adatom since it is only bound
to one other atom. On reversing this concept addition of material during growth will
preferentially occur at step edges.

The focus in the next section will be on screw dislocations. For that reason this de-
fect is discussed in more detail. Figure 3.8 shows a screw dislocation in a box model.
An additional lattice plane causes a screw dislocation defect (with a Burgers vector!’

16For example, 0,, denotes the free energy of the interface overlayer (’o’) and vacuum (’v’). The other
free energies are to be understood in a similar way.

1_7A Burgers vector is the translation vector in direct space to close a loop of lattice vectors a+b-

—
—

a-b around a discolation (& # b). In case of a screw dislocation the Burgers vector is parallel to the
dislocation line, in case of a edge dislocation it is perpendicular to the dislocation line and lies within
the gliding plane.
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perpendicular to the surface). The growth proceeds in spiral turns since material will be
preferentially added at step edges. Figure 3.9 depicts the evolution of a screw dislocation
on growth.

Figure 3.7: Defects that may occur on a real crystal: (T) perfect flat terrace, (S) an
emerging screw dislocation, (E) the intersection of an edge dislocation with the terrace,
(M) a monatomic/monomolecular step in the surface (also called a ledge), (K) a kink (a
step in the ledge), (AL) an adatom in the ledge, (VL) a vacancy in the ledge, (A) an
adatom in the terrace, (V) a vacancy in the terrace.

Figure 3.8: Simple box model explaining the emergence of a screw dislocation as an
insertion of an additional lattice plane parallel to the surface.

Figure 3.9: Evolution of a screw dislocation as seen from the top. New material is being
added at step edges leading to a revolution in spiral turns of steps (illustration taken from:
H. Kittel, Einfihrung in die Festkorperphysik, 7.Auflage, R. Oldenburg Verlag, Miinchen
(1988), p. 653).
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3.2 YBCO thin films on LaAlO3

LaAlO3 is used as a substrate for HTSC thin films because of its good dielectric properties'®
which make it suitable for RF-applications.'® Since the surface resistance is an important
quantity in RF-electronics a smooth film surface is desired. Scanning probe methods with
their unsurpassed vertical resolution capability are the methods of choice to character-
ize the film surface quality. In the following the properties and the morphology of thin
YBCO 123 films on LaAlOj are discussed [3.35, 3.42, 3.43].

3.2.1 Experimental conditions

Thin films of YBCO were grown?® by PLD on LaAlO3(100) crystals at substrate tem-
peratures between 790 and 805°C and 27 Pa O,. A deposition time of 20 minutes at a
laser repetition rate of 8 Hz yields a nominal film thickness of 1.2 ym. The cooling rate
was 5 deg/min. to 500°C in 10° Pa of oxygen, followed by annealing for 30 minutes and
cooling to room temperature.
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Figure 3.10: LEFT: Temperature-dependent magnetic susceptibility of a PLD YBCO
thin film on LaAlOj (normalized to the value at 80 K). The critical transition temperature

is 86 K (at a transition width of 0.5 K).

Figure 3.11: RIGHT: Cu K, X-ray diffraction pattern of a YBCO film on LaAlO3(100).

The diffraction peak originating from the substrate is not shown.

'8High dielectric constant ¢ = 25 and low loss tangent tané = 3 - 10~*.

9HTSC thin films on a substrate patterned in stripline resonators, antennas of filters have a much
better gain and signal-to-noise ratio than equivalent devices made from copper since no losses occur due
to superconductivity. In other words HTSC RF-devices can be built much smaller than copper-based
devices (with the same figures of merit) which makes them appropriate for the use in space.

20The YBCO thin films on LaAlO3 were grown by G. Leemann, Univ. of Basel.
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3.2.2 Superconducting and structural properties

The critical transition temperature T, of a typical film was measured by an inductive
method. Figure 3.10 shows the transition to superconductivity at 86 K (onset) with a
transition width of 0.5 K (determined from the first derivative of the transition curve).
Critical current densities measured by a four-probe electrical transport method range
from 1 x 10° to 4 x 10° A/cm? at 77 K. X-ray diffraction in conventional Bragg-Brentano
geometry (© — 20) exhibits a (001) orientation of the films (see fig. 3.11) [3.35].

3.2.3 STM results on a thickness-gradient film

The surface structure of the YBCO thin films was investigated by STM using a com-
mercially available instrument (Nanoscope II, Digital Instruments) operated in air. To
minimize deterioration effects due to surface reactions of the YBCO films with humidity,
STM measurements were carried out immediately after the film deposition. Tip-induced
artifacts were widely excluded by use of different mechanically prepared Ptgolry tips for
the same kind of samples. For all large scale images, a tunneling current of less than 300
pA and tip bias voltage above +1V was applied. The constant current mode was used
for large scale STM imaging in order to obtain topographical information.

In a first step the dependence of the morphology on the film thickness is discussed
using a thickness-gradient film prepared by the half-shadow technique. Figure 3.12 shows
scanning tunneling micrographs at different growth stages in a c-axis oriented YBCO film
with a thickness gradient. The film is grown on LaAlO3(100) at a substrate tempera-
ture of 800°C at a laser repetition rate of 8 Hz for 20 minutes yielding a maximum film
thickness of 1.2 pm. Since STM requires conducting samples the uncoated substrate area
(substrate, region III in fig. 3.3) could not be imaged.

STM images of the early growth stage are dominated by spreading of rather two-
dimensional (2D) than three-dimensional (3D) islands of YBCO (fig. 3.12a). It can be
concluded from this STM image that at this stage the YBCO film consists of numerous
small islands coalesced over a substantial part of the substrate surface. Discontinuous
island /channel structures provide electrical paths for the tunneling current.

With increasing film thickness, larger 2D islands formed by coalescence and growth
are observed (fig. 3.12b). The measured height (1.2 nm) of individual islands is one
unit cell in the crystallographic c-direction of YBCO. These individual islands coalesce
at larger film thicknesses and form terrace structures with steps of unit cell height (1.17
nm, fig. 3.12c). The YBCO film still contains holes, visible as dark areas in fig. 3.12c. At
this thickness (presumably on the order of ten unit cells), the film growth is characterized
by 2D nucleation and layer growth (Frank-van der Merwe mode).
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Figure 3.12: Growth stages of a YBCO film on LaAlO3(100) laser-deposited at a sub-
strate temperature of 800°C: (a) spreading of 2D islands, (b) growth of the islands, (c)
formation of a terrace structure, (d) hill formation, (e) growth hills with circular steps,
(f) merging of growth hills to a continuous film (g) continuous film with growth pits (P)
and (h) individual growth steps in the flat surface areas between growth pits. Nominal
thickness of the continuous film: 1.2 pm.

With further increase in film thickness a film surface completely covered by well-
developed growth hills consisting of concentric and spiral step patterns is observed (fig.
3.12d). A typical growth hill formed by spiral steps is marked with a H in fig. 3.12d.
The growth steps are in some cases aligned to the crystallographic a- and b-directions of
YBCO (marked by bold arrows). In other cases the step course is more rounded (marked
by an open arrow). Figure 3.12e shows a growth hill consisting of concentric steps. A
film surface dominated by growth hills is characteristic of a film thickness ranging from
100 to 600 nm. Similar growth structures have been reported by many other groups per-
forming STM [3.12, 3.13], [3.21] — [3.31]. The occurrence of growth hills with concentric
as well as spiral steps implies that — in addition to repeated 2D nucleation — Frank’s
spiral mechanism of growth [3.36] is also operative. The spiral growth steps start or end
at emergence points of dislocations with a Burgers vector component (one c-axis lattice
parameter) perpendicular to the film surface. These dislocations, termed screw disloca-
tions, can be interpreted either as misfit dislocations which occurred above a certain film
thickness [3.37], or as screw dislocations which have grown through from the substrate.
Special kinds of growth hills are discussed below.

At larger thickness the gaps between individual growth hills are filled in to a contin-
uous film. Spiral growth steps originating from screw dislocations of opposite sign may
meet and thus be annihilated (fig. 3.12f). The film thickness at this stage is about 800
nm. The continuous film of a constant thickness of 1.2 pm is characterized by a terrace
structure with steps of one unit cell height in the crystallographic c-axis direction of
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YBCO and by growth pits with diameters in the micrometre range.”* (fig. 3.12g). At
this stage film growth is dominated by regular propagation of the terrace steps. Typical
height variations in the film surface are only a few nanometres per um?. The steps are
piled up at the border of the growth pits (marked by P) or are levelled by propagating
adjacent steps. Figure 3.12h shows the surface structure in flat areas between growth
pits. The surface is characterized by step trains. The emergence of a screw dislocation,
where a growth step starts, is seen in the centre of fig. 3.12h.

The scanning electron micrograph (fig. 3.13) shows numerous growth pits of different
shapes and sizes. However, the unit cell step structure does not provide enough contrast
in SEM. Note that the film surface is free of any outgrowths or droplets. This is due to a
careful choice of the energy density on the target (ca. 2.5 J/cm?) giving a stoichiometric
material transfer from the target to the film.

Figure 3.13: Scanning electron micrograph revealing the surface morphology of the
continuous YBCO film (nominal thickness 1.2 ym) as imaged previously by STM. Most
striking features are growth pits of various shape and size.

21 These growth pits are caused by inclusions in the film. Copper oxide needles, e.g., may spontaneously
grow on the substrate and impede the growth of the YBCO film at that position on the substrate. Further
evidence obtained by SFM that needles are actually situated in that type of growth pits will be discussed
in section 3.5 on YBCO thin films grown by metallorganic chemical vapour deposition.
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3.2.4 Special types of growth hills

The part of the half-shadow region of the YBCO films exhibiting distinct growth hills
corresponds to a nominal film thickness ranging from 100 nm to 600 nm. Different kinds
of growth hills observed in the half-shadow region are analyzed below in the context of
BCF theory. Experimental evidence supporting this theory has been in the literature
since 1950 [3.38] — [3.41]. Burton et al. have worked out the theoretical fundamentals
of the spiral growth mechanism [3.36]. The concept of BCF theory (Burton-Carbrera-
Frank, [3.39]) is based on a crystal surface being in contact with its vapour. Adsorption
processes at steps are described with classical diffusion theory in terms of supersaturation
of vapour. Burton et al. [3.36] introduced a certain critical 2D nucleus with radius p,.
that is in unstable equilibrium with the vapour. If a nucleus is larger than the critical
nucleus, it will grow. In the following paragraphs different kinds of spiral growth hills
are discussed with respect to p..

3.2.4.1 Single screw dislocations

It is assumed that crystals are growing under a supersaturated environment. A step due to
the emergence of a screw dislocation on the crystal surface will wind itself in a spiral when
new material is added. The direction of this dislocation will remain perpendicular to the
crystal surface for reasons of minimization of elastic energy. When the supersaturation
increases the spiral will send out successive turns separated by unit cell steps until the
curvature of the steps at the centre of the dislocation reaches the critical value 1/p,, at
which point the whole spiral will rotate steadily with stationary shape. Using Frank’s
concept of a critical nucleus, the shape of such a growth spiral can be parametrized as
an Archimedian spiral in polar coordinates (r,©) in the plane:

r=2-p.- 0. (3.1)

The distance £ between successive turns of a growth spiral at large radius can be calculated
as

{=4-7-p. (3.2)

An example of the step course in this kind of single screw dislocation is shown in fig.
3.14a. Both signs of screw dislocations, left- and right-handed, are observed with similar
frequency. The radius p. of the critical nucleus can be calculated from equation (3.2).
For the spiral in fig. 3.14a p. = 2.4 nm is calculated assuming £ = 30 nm. Similar values
of p. can be inferred from other growth spirals. The small value determined for the radius
pe of the critical nucleus of the particular growth spiral shown in fig. 3.14a corresponds
to a 2D nucleus consisting of about only 120 unit cells. This estimate might explain
why spiral growth occurs in such abundance (screw disclocation number density of about
10°/cm?) in YBCO films, since only a few hundred unit cells assembled in a 2D nucleus
are necessary to initiate spiral growth.
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Figure 3.14: Different kinds of growth hills with screw dislocations: (a) single right-
handed screw dislocation with about 8 turns of growth steps, (b) annihilated pair of
dislocations (marked by arrows) of opposite sign, (c) pair of screw dislocations of opposite
sign further apart from each other than 2p, sending out loops of steps, (d) pair of screw
dislocations of like sign further apart than 2 .7 - p. with a step activity indistinguishable
from that of a single spiral. The scale bar is valid for all figures.
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3.2.4.2 Pairs of screw dislocations of opposite sign

Frank introduced a term called activity to characterize the growth speed of spiral steps.
The activity equals the number of turns per second of a spiral step. Pairs of screw dislo-
cations of opposite sign differ in some cases from pairs of like sign by their activity. For
a pair of opposite sign different cases have to be distinguished.

First, if the two dislocations of opposite sign are closer than a critical distance of
2p., then no growth appears. A similar situation is also observed at an advanced stage
of growth (growth hills are levelled) in the thickness-gradient films. Figure 3.14b shows
such a pair of screw dislocations of opposite sign (marked by arrows). Their growth steps
have encountered and the growth spirals have annihilated each other. At this point, no
spiral growth occurs and the growth step linking the two dislocations will preserve its
appearance. The second case is a pair of screw dislocations of opposite sign further apart
than 2p.. The two growth spirals intersect along a straight line and send out successive
loops of steps (see fig. 3.16). This is illustrated by the pair of dislocations of opposite
sign shown in fig. 3.14c. Such pairs of screws have the same activity as a single screw
dislocation. Sometimes whole bundles of screw dislocations of opposite sign are observed

(see fig. 3.15) [3.42, 3.43].

Figure 3.15: A bundle of screw dislocations of opposite sign on the surface of a YBCO
thin film.
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3.2.4.3 Pairs of screw dislocations of like sign

Again, different cases are distinguished. First, if the two spirals of like sign are further
apart than 2- - p., then the two spirals intersect along an S-shaped curve (see fig. 3.16).
The two spirals feed each other with steps, but the activity is indistinguishable from that
of a single dislocation. This case of a pair of spirals of like sign is shown in fig. 3.14d.

If the two spirals of like sign are closer than 2 - 7 - p., then no intersection of the
spirals occurs except near their origin. Spiral growth similar to that observed from a
single spiral is observable, but twice the activity. During the investigations such a pair
of spirals has not been found in the STM images of laser-deposited YBCO-films, but it
is frequently observed in films grown by liquid phase epitaxy (section 3.8).

=]

Figure 3.16: LEFT: Schematic view of a pair of screw dislocations of opposite sign
annihilating each other. RIGHT: Pair of screw dislocations of like sign separated further
than 27p,.

3.2.5 Surface modification

An interesting aspect would be to image a screw dislocation with atomic resolution by
STM to determine the Burgers vector in real space or to clear the question if screw dis-
locations in YBCO have a hollow core.?? Unfortunately STM does not seem to be the
appropriate technique to solve this problem, even if atomic resolution can be achieved on
flat terraces.?> The main problem that occurs is that the film surface close to the screw
dislocation is being modified on investigating the screw dislocation on a small scale. The
high electric field** and insufficient response time of the feedback loop causes modification
of the film’s surface, e.g. unit cell layers are torn off. It should be added that atoms at
step edges are far more easier removed than surface atoms in terraces. The two following
sequences of images (figs. 3.17 and 3.18) demonstrate the effect.

22This is of special importance to answer the question whether the screw dislocations act as dominant
pinning centres in thin films. If they had a hollow core its pinning strength would be comparable to that
of a columnar defect (track of a high energetic heavy particle) created by irradiation with heavy ions.

23For atomic resolution of YBCO see 2.1.2.2 Atomic scale, and 3.7.1 Atomic resolution.

24 At a voltage of 0.1 V and at a distance of typically 1 nm the electric field is in the order of 108 V/m.
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Figure 3.17: Sequence of STM images of the surface of a YBCO thin film on LaAlO;
showing an isolated screw dislocation (arrow). Upon imaging the screw dislocation in
more detail some material is torn off. All steps visible in the image are steps of one unit
cell in height. It was not possible to image the screw dislocation with atomic resolution.
The arrow indicates the position of a possible hollow core of the screw dislocation.
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Figure 3.18: Series of STM images showing a screw dislocation situated in the centre
of a spiral growth hill. On investigating the screw dislocation at a smaller scale some
modification of the surface took place leading to the removal of YBCO material. The
possible observation of a hollow core of the screw dislocation is marked (H ?).
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3.2.6 Conclusion

The surface structure of laser-deposited YBCO thin films on LaAlO3(100) has been stud-
ied by STM. Using a special half-shadow technique, different film thicknesses and there-
with associated growth stages could be prepared simultaneously. The observed growth
stages include nucleation and spreading of two-dimensional YBCO islands, their coales-
cence and growth, formation of well-developed growth hills in the half-shadow region
and, finally, a continuous film. Layer growth of the films is found with respect to the
height of the YBCO unit cell in the crystallographic c-direction. In addition to growth
processes dominated by repeated 2D nucleation, Frank’s spiral growth mechanism is also
operative. The growth hills characteristic of film growth at a film thickness ranging from
100 to 600 nm have been analyzed using classical BCF theory. Analysis of the step sepa-
ration of a particular growth spiral gives a critical nucleus for spiral growth of only a few
nanometres radius, which could be a possible explanation for the abundance of growth
spirals observed in YBCO thin films prepared under the conditions described above. An
estimate has shown that only a few hundred YBCO unit cells are necessary to initiate
rapid spiral growth. The investigation of the screw dislocations with atomic resolution
was not successful since unit cell layers of YBCO close to the screw dislocation were
removed.
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3.3 YBCO thin films on SrTiO3(100)

StTiOs3 is a substrate with a (100) face that is very well adapted?” to the lattice of YBCO.
For this reason the structural and electrical properties of YBCO thin films on this type of
substrate are better than on other substrates. The electrical properties — especially the
critical current density — surpass those of single crystals, polycrystalline bulk material
or melt-textured samples by powers of ten. The structural properties — as characterized
by X-ray diffraction — of epitaxial HTSC thin films do not differ very much from those
of HTSC single crystals. Here the morphology of the films illustrated by STM images
shall be related to the structural properties (X-ray data) with substrate temperature and
film thickness as parameters [3.44].

3.3.1 Experimental conditions

Thin films of YBCO are prepared in a range of substrate temperatures of 550 to 800°C by
standard PLD. For good reproducibility a 1 inch SrTiO3(100) wafer is cleaved to obtain
many substrates of identical quality.?® The film thickness is 220 nm at nominal growth
rate of 0.6 nm/s. All films have been subjected to slow cooling to 600°C at a rate of 4
K/min and oxygen treatment at a pressure of 4 x 10* Pa at 500°C for 30 min and cooling
to room temperature.

Standard Cu K, XRD in Bragg-Brentano geometry is used to determine the structural
bulk properties of the films. The samples are mounted on the XRD stage and oriented
using the YBCO(005) reflection. The azimuth angle is varied to obtain maximum in-
tensity (®-scan, in-plane orientation of the grains).?” Thereafter, the sample stage rock
(©) is varied while leaving the detector at the 20 position of the YBCO(005) reflection

(mosaic spread, out-of-plane orientation of the grains).”® The analysis is completed by a

258rTiO3 is pseudocubic with @ = 0.3905 nm, b = 0.3908 nm and ¢ = 0.3890 nm.

26This is of major importance for a reliable characterization of film growth by STM. Due to the high
vertical resolution capability of STM any miscut of the substrate off the specified direction (here the
[100] direction) will influence the film morphology.

27X-ray diffraction is — as the name suggests — a diffraction method yielding information on the
reciprocal space. For an orthorhombic lattice we expect on irradiation along [001] a rectangular diffraction
pattern. On rotating the sample the rectangular diffraction pattern is also rotated. Thus only twice
in a full 360°-turn the detector will see a non-vanishing intensity (provided the diffractometer is set
to the ©-20 values of a higher order reflection, e.g. YBCO(005)). This results in two peaks in the
®-scan. Due to sample tilt perpendicular to the ®-circle of the goniometer the intensity of the two
peaks may be different. The width of the ®-scan peaks gives information on growth quality of the film
(in our case parallel to [001]), i.e. whether the crystallographic axes (in the film plane) are randomly
distributed (constant intensity in ®-scan) or well aligned (sharp peak in ®-scan). The relative position
of the peaks (compared to substrate peaks belonging to directions parallel to those in question, e.g.
SrTiO3[001]/YBCO[001]) reveals the epitaxy relations along [001].

283ome grains in the sample may be tilted. By tilting the sample (©-scan) the distribution of tilted
grains can be determined (mosaic spread). The width of the mosaic spread peak is a measure for the
out-of-plane orientation of the film.
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O — 20 scan.” Figure 3.19 illustrates the different procedures of measurement.
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Figure 3.19: Schematic of X-ray diffraction technique: The radiation of an X-ray tube
(X) is monochromatized (M). By a slit system (not shown) it is directed to the sample.
The scattered X-ray photons are collected by a detector (D). The incidence angle ® of
the radiation and the detector angle 20 can be changed (© — 20 scan). The sample can
be rotated (®-scan) or tilted (Mosaic spread, rock/rocking curve).

The surface morphology of YBCO thin films is imaged by STM and SFM. The rough-
ness of the surface imaged is indicated by the maximum height difference and the standard
deviation of the data points measured. SFM has been used to image the SrTiO3 substrate
and early growth stages of the YBCO film using cantilevers with integrated SizN, tips
and a spring constant of 0.12 N/m.

The critical transition temperature 7, of the YBCO films has been determined by a
standard four-probe DC technique and compared to the values obtained by an inductive
method. Critical current densities j. are determined at 77 K by use of a microbridge
(100pm x lmm) patterned by laser ablation.

3.3.2 Analysis of an optimized YBCO film

The structural and superconducting properties of YBCO thin films grown on SrTiO3(100)
substrates at different substrate temperatures 7 ranging from 550 to 800°C are discussed.
As an example, the structural properties of a thin film sample prepared at T, = 740°C3°
as obtained by XRD are compared to STM results. XRD (© — 20) reveals that the film
is (001) oriented. The determination of the mosaic spread (fig. 3.20) shows that the rock
of the grains is less than 0.26° (full width at half maximum (FWHM) of the YBCO (005)
reflection).

The in-plane misorientation relative to the substrate (fig. 3.21) of the YBCO grains is

29The peak width in the ® — 20 scan is a measure for the degree of crystallinity of a film sample. For
a perfect single crystal é-peaks are expected. However, the use of apertures and slits to shape the X-ray
beam gives a finite lower limit of the peak width. Broadening of peaks occurs when investigating very
small (nanometre-size) grains.

30These conditions have turned out to be optimized for the growth of YBCO on SrTiO3(100) in our
pulsed laser deposition setup.



3.3. YBCO THIN FILMS ON SRTIO3(100) 81

within 6° (FWHM of ®-scan of YBCO(005) reflection). Figure 3.22 shows a STM image
and a line section of the surface (indicated as a white line in the STM topograph).
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Figure 3.20: LEFT: YBCO thin film prepared at 740°. Mosaic spread of YBCO(005)
reflection (FWHM = 0.26°). The narrowness of the peak demonstrates the YBCO film
is well aligned.

Figure 3.21: RIGHT: ®-scan of YBCO(005) (FWHM = 6°). The small FWHM value
reflects the good epitaxy and in-plane alignment of the film.
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Figure 3.22: LEFT: Surface of a sample prepared at 740°C. STM topview showing
growth hills with steps aligned to [100] and [010] of YBCO (indicated). The step height

is one c-axis length.

Figure 3.23: RIGHT: A line section along the white line indicated in the STM image.
The steps are identified as unit cell steps in [001] direction.

The surface morphology is dominated by growth hills with steps aligned in two main
directions (indicated), corresponding to the crystallographic [100] and [010] directions of
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YBCO as determined by XRD (®-scan). Only occasionally, screw dislocations are ob-
served (see fig. 3.24). The height of the growth steps (1.2 nm) corresponds to the height
of a unit cell in the YBCO[001] direction (1.17 nm) as can be seen from the line section
(fig. 3.23). The rock of YBCO grains is too small (0.26°) to be seen in the STM image.

Figure 3.24: A rare case of the observation of a screw dislocation in a film in this
series of YBCO films deposited on substrates obtained by cleaving a SrTiO; wafer. The
substrate miscut angle is the same for all substrates in this series.
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Figure 3.25: LEFT: Typical XRD spectrum of a YBCO film on SrTiO3(100) pre-
pared at a substrate temperature below 600°C. Only the SrTiO3(h00) reflections can be
observed. Owing to the absence of YBCO peaks the film is termed ’amorphous’. MID-
DLE: Typical XRD spectrum of a YBCO film on SrTiO3(100) prepared between 610
and 650°C. In addition to the SrTi03(h00) reflections the YBCO(h00) reflections are ob-
served. RIGHT: Typical XRD spectrum of a YBCO film on SrTiO3(100) grown between
660 and 800°C. The YBCO(00£) reflections dominate.

3.3.3 Film orientation

Table 3.1 summarizes the XRD data and the surface roughness values determined by STM
for the samples prepared at different substrate temperature 7,. XRD reveals that the
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samples prepared above 660°C are (001) oriented (fig. 3.25), and the samples prepared
below 660°C are (100) oriented or show no YBCO reflections at all. Figure 3.26 displays
these dependences of the XRD data on the substrate temperature.

T, 20> Mosaic> ®-scan® Roughness’

[deg] [deg] [deg] [nm]
550° —¢ _¢ _¢ 7+1
575° —¢ —¢ —¢ 6+2
610° 0.12¢ 0.24¢ 6.54 14+2
640° 0.14% 0.684 5.64 19+3
660° 0.48 0.90 17 16+2
680° 0.27 0.45 15.8 20+3
700° 0.23  0.42 13 21+3
720° 0.21  0.29 7.2 24+4
740° 0.19 0.26 6 28+ 4
750° 0.19 0.24 6 20+4
770° 0.18 0.26 6 15+3
800° 0.20 0.53 7 10+1

& XRD: FWHM of YBCO(005) reflection.

b STM: maximum height difference and standard
deviation of data points measured.

“no YBCO reflections observed.

d YBCO(100) reflection.

Table 3.1: Structural properties of YBCO films on SrTiO3(100) prepared at different
substrate temperatures 7.
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Figure 3.26: LEFT: Dependence of the FWHM of the YBCO(005) reflection on the
substrate temperature applied for film growth. MIDDLE: Dependence of the mosaic
spread of the YBCO(005) on the substrate temperature. RIGHT: Dependence of the
®-scan (FWHM) of the YBCO(005) reflection on T5.
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3.3.4 Film morphology

The surface morphology of samples prepared at different T is compared. Figure 3.27
shows STM images of YBCO films on SrTiO3(100) prepared at 550, 575, 610, 640, 660,
680, 700, 720, 740, 750, 770 and 800°C, respectively. Films prepared at 550 and 575°C
exhibit a grainy, disordered surface, those prepared at 7,=610 and 640°C show a-axis
growth steps with a height of 0.4 nm. The films prepared at 7, > 660°C exhibit growth
hills with unit cell steps in the YBCO[001] direction.

(continued on following page)
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Figure 3.27: STM topviews of YBCO films on SrTiO3(100) prepared at different sub-
strate temperatures (indicated in the top left corner of each image). The scale bar applies
to all figures.

With increasing 7 the growth hill diameter increases, too. This is caused by the
higher T applied and the prolonged cooling process to 600°C leading to increased ther-
mal diffusion. These relations are graphically shown in figs. 3.28 and 3.29.
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Figure 3.28: LEFT: Growth hill diameter as a function of the substrate temperature
applied for film growth (the values are deduced from the STM images).

Figure 3.29: RIGHT: Maximum height difference (symbols connected by a dashed
line) on a area of 500 nm x 500 nm and roughness values (symbols linked by lines) as
computed as standard deviation of all image pixels.

3.3.5 Superconducting properties

The transition temperatures 7, to superconductivity, the transition widths AT, and the
ratios of the resistivity at 300 K to the resistivity at 100 K (Rso0x/Ri00k ) of the samples
prepared at different 7, are compiled in Table 3.2 and displayed in fig. 3.30.

Best resistively determined 7.’s are obtained at a 7, of 740 to 750°C. The critical
current density of a sample prepared at 740°C amounts to 3 x 10° A/cm? at 77 K. Such
films are also optimized with respect to their structural properties (Table 3.1). STM
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images of these films reveal a surface morphology dominated by well-developed growth
hills. Films having a smoother surface morphology (e.g. samples prepared at 660°C)
exhibit inferior structural and electrical properties compared to the 740°C sample.

Ts Tca Acha ch R300K / RlOOK

850° ¢ -¢ —d 0.3
575° ¢ -¢ —-° 1.8
610° ¢ ¢ ¢ 1.3

640° 60 K 15K 87K 1.3
660° 71 K 7K 89 K 1.5
680° 84 K 3K 89 K 2.1
700° 86 K 3K 87.5 K 2.0
720° 875K 25K 92K 24
740° 88 K 4K 91 K 1.9
750° 876 K 25K 92K 24
770° 89 K 25K 92K 3.1
800° 87.5 K 25K 90K 3.3

@ determined by an inductive method (onset).

b determined by a resistive Dc method (onset).
C

d

no transition observed.
semiconducting.

¢ metallic.

Table 3.2: Electrical properties of YBCO films on SrTiO5(100) prepared at different 7.
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Figure 3.30: Dependence of inductively determined values of T, (onset) on the substrate
temperature applied for film growth.
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3.3.6 Thickness-gradient films

In order to study the relationship between film thickness — i.e. different growth stage
— and film morphology, thickness-gradient films have been investigated. Figure 3.31
shows four SFM and eight STM images of the surface morphology of a thickness-gradient
film prepared at 740°C.3! SFM and STM investigations have been performed along the
thickness-gradient film, i.e. from the film of well-defined thickness (220 nm) over the part
of decreasing thickness to the uncovered substrate.

(continued on following page)

31This substrate temperature is considered to be optimized.
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.‘_qw,

Figure 3.31: SFM and STM topviews of a YBCO thickness-gradient film on
SrTiO3(100) prepared at 740°C. The numbers indicate the position on the film surface
(’01’ = thick film, 30’ = substrate).

The position on the substrate is referred by indicating numbers between 01 and 30.%?
The bare substrate is imaged by SFM. The image in the top left corner of fig. 3.27
(labelled ’30’) shows a surface covered by steps of a height of about 0.4 nm that agrees
well with the step height expected for SrTiO3. Moving along the thickness gradient (’19’)
SFM reveals islands (Y) nucleated at substrate steps (S). The island step height is about
1.2 nm which is the step height expected for YBCO. Thus we interpret this image as the
observation of YBCO nucleation on the SrTiO; surface. At a later stage (’10’ and ’08’)
the formation of terraces and growth of new island atop of these layers is observed. The
discussion of the morphology of the thickness-gradient film is continued by showing STM
images since they give a clearer view of the surface. The nucleation of YBCO islands
(Y) on SrTiOj3 surface step is also observed by STM?>? (’28”). ’23’ is showing the YBCO
islands (Y) nucleated at the SrTiO3 steps (S) in greater detail. Coalesced YBCO layers
(’21’) and growth of further YBCO layers on complete YBCO terraces (’17’) is found at
a presumable thickness of a few monolayers. At a thickness of about 50 nm, sites (’C’)
for the preferred formation of growth hills are imaged (’12’). Their number per unit area
is very similar to the number of growth hills observed in the thick®* region of the YBCO
film (’04’ and ’01’). Up to now it is not yet clear what is responsible for this increase of
YBCO growth at these preferred nucleation centres ’C’.

Going back to the SFM image of the bare SrTiO; substrate (30’ in fig. 3.31) the
substrate miscut off (100) is clearly demonstrated by the observed SrTiO; step pattern.
Fig. 3.32 illustrates the situation schematically: a height difference z is observed over
a lateral distance z. In fig. 3.31, ’30’°, about 16 unit cell steps of SrTiO3 are observed

32These are the file numbers of the STM images: 01 is the thick part of the film, 30 is the uncoated
substrate or thin part of the film.

33However, a very, very slow scanning speed is required (1 image in 30 minutes) to ensure that the
feedback-loop is working properly since the conductivity of this very thin part of the film (thickness
below 1 monolayer) is very low.

34220 nm.
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corresponding to a z of 6.2 nm?® and a z of 1000 nm. The tilt angle of the substrate is
derived from tana = z/z and amounts to 0.35° which seem to be a quite low value.*
Especially for STM investigations of ultrathin films and a study of initial growth stages
the use of substrates with a very low miscut angle is obligatory as will be demonstrated
in section 3.6.3.3. A recent work by Schlom et al. [3.45] implying the absence of screw
dislocations only in YBCO films deposited on substrates having a misorientation off the
(100) face of at least 3.5° is not confirmed by the data shown here.
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Figure 3.32: Schematic view of a SrTiO3 substrate with a miscut angle resulting in a
distinct unit-cell-step pattern. The tilt angle of the substrate is derived from tan a = z /.

3.3.7 Conclusion

Depending on the substrate temperature different orientations of the films are revealed by
X-ray diffraction: (001) orientation between 660 and 800°C, (100) orientation between 610
and 660°C, and no YBCO reflections for films prepared at lower T;. In-plane orientation
(®$-scan) and out-of-plane orientation data (mosaic spread) of the grains are compared
to scanning tunneling microscopy (STM) images. The images show rectangular-shaped
growth hills. Their growth steps are aligned along the [100] and [010] directions of YBCO
and are one c-axis spacing in height (1.2 nm). Occasionally screw dislocations are ob-
served. Highest critical transition temperatures are reached at about T, = 750°C. Such
films with optimized structural and electrical properties exhibit a surface morphology
dominated by growth hills, whereas films optimized for a smooth surface morphology
have inferior structural and electrical properties. The relationship between film thickness
and surface morphology has been studied using YBCO films with a thickness gradient
prepared by a half-shadow technique. Thus different film thicknesses can be obtained
simultaneously under identical conditions. STM images give evidence of different growth
stages such as nucleation and coalescence of two-dimensional islands, their growth and,
finally, the formation of growth hills.

35The ¢ spacing in SrTiO3 is 0.389 nm.
36Many manufacturers of single crystal substrates specify a maximum miscut angle of 1° off the (100)
face.
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3.4 YBCO thin films on MgO(001)

MgO is a cheap substrate material, but its (001) face is not very well adapted®” to the
(001) face of YBCO. Similar to the chapter on YBCO growth on SrTiO3(100) the film
morphology (STM/SFM data) will be discussed as a function of substrate temperature
and film thickness (by use of thickness-gradient films). The images are interpreted with
the help of XRD results [3.46].

3.4.1 Experimental conditions

Smooth YBCO films on polished MgO(001) substrates can be grown between 600 and
725°C. Four different deposition temperatures have been chosen, such as 600°C (sample
Y-600), 675°C (sample Y-675), 700°C (sample Y-700) and 725°C (sample Y-725). Films
grown at temperatures above 725°C show reactions between YBCO and the MgO sub-
strate leading to degradation of film properties and roughening of surface morphology.
Therefore, such films will not be considered here. Typical film thickness attained amounts
to 150 nm.
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Figure 3.33: LEFT: Cu K, ©-20 X-ray diffraction patterns. (006) peak of sample
Y-675, (006) and small (200) peak of sample Y-725, background of sample Y-600. The
inset shows the relevant crystallographic faces of YBCO.

Figure 3.34: RIGHT: (110) peak of sample Y-600. This sample does not show further
peaks.

3.4.2 Film orientation

Bulk structure of the films has been investigated by X-ray diffraction (XRD) in conven-
tional Bragg-Brentano ©-20 geometry using Cu K, radiation. As displayed in fig. 3.33

37Space group Fm3m (face-centred cubic), a = 0.421 nm.
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sample Y-675 shows (001) orientation, whereas sample Y-725 exhibits both (001) and
(100) orientations. For sample Y-700, a smaller percentage of (100) orientation has been
observed (not shown). Figure 3.34 reveals that sample Y-600 is (110) oriented.

3.4.3 Film morphology

The surfaces of the YBCO thin-film samples described above have been investigated by
SEM, STM and SFM. Figure 3.35 shows SEM images of the film surface of the samples Y-
600, Y-675 and Y-725. Sample Y-600 exhibits a surface with a fine, grainy structure (fig.
3.35 left). Y-675 shows a very smooth surface (fig. 3.35 middle) and Y-725 shows slabs
and grainy structure (fig. 3.35 right). A more detailed view of the surface is obtained by
applying scanning probe methods.

Figure 3.35: SEM images of the samples Y-600 (left), Y-675 (middle) and Y-725 (right).

Figures 3.36a—d show the topography of these samples prepared at different substrate
temperatures. Figure 3.36a depicts the platelets which form the morphology of sample
Y-600 having (110) orientation. Maximum height differences visible in fig. 3.36 are 20
nm. Figures 3.36b (sample Y-675) and 3.36¢ (sample Y-700) show the typical surface
of (001) oriented films. Spiral step courses originating from screw dislocations with a
Burgers vector component perpendicular to the film surface dominate the images. Esti-
mated number densities of screw dislocations are in the range of 10'° cm=2. The SFM
image (fig. 3.36d) visualizes the surface of a film exhibiting (001) and (100) orientations
(Y-725). The (100) and (010) grains correspond to the slabs aligned along two directions
perpendicular to each other. The rounded grains in fig. 3.36d are to be identified with
the (001) growth hills.
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Figure 3.36: YBCO films prepared at different deposition temperatures. (a) STM
image of sample Y-600 with (110) orientation; (b) STM image of (001)-oriented sample
Y-675; (c) STM image of (001)-oriented sample Y-700; (d) SFM image of sample Y-725
showing (001) and (100) growth.

3.4.4 Transmission electron microscopy

In collaboration with Dr. D. Hesse3® transmission electron microscopy of thin YBCO

123 films on MgO substrates has been performed. The film has been thinned by dimpling

and ion-etching for the in-plane investigation in a transmission electron microscope.®®

38 Max-Planck-Institute for Microstructure Physics, Weinberg 2, D-06120 Halle (Saale)
39The TEM used is a Philips CM 20T with 200 kV acceleration voltage. The point resolution is
0.27nm.
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By accident the small hole etched into the film is close to an area where both the
(001) oriented YBCO film and an area of YBCO(100) particles are present. For that
reason both orientations are accessible. Figure 3.37 shows a TEM image of the border of
the small hole*” (upper right corner of the image).

Figure 3.37: TEM image of a YBCO thin film on MgO(100). Most of the film is
YBCO(001) ’1’, but a small area (labelled ’2’) close to the etched hole (upper right
corner of the image) exhibits (100)-oriented platelets. An individual platelet is marked
by 'P’.

Transmission electron microscopy also yields electron diffraction images. Figures 3.38
and 3.39 show electron diffraction images of the areas '1’ and ’2’. The diffraction image
of region ’1’ (fig. 3.38) shows the square unit mesh of MgO ("M, labelled reflex 200y;)
and the orthorhombic mesh of YBCO (’Y’, labelled reflex 100y ). *' Region 2’ however,
shows a different diffraction image (fig. 3.39): the spots are understood when assuming
a YBCO(100) area. The arrow shows the c-direction of the (100)-oriented platelet A’

4O0nly the very thin region close to the small hole in the sample allows the transmission of electrons
through the sample.

“1The orthorhombic splitting YBCO{400} in YBCO(400) and (040) is shown by arrows labelled with
an asterisk. This proves that actually the orthorhombic (and therewith superconducting) phase of YBCO
is imaged.
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in figs. 3.40 and 3.41. The other spots on the rings are due to other (100)-oriented
platelets being rotated randomly around the film normal. The four small arrows indicate
the position where the contrast diaphragm was set to obtain the dark field image shown

in fig. 3.41.

Figure 3.38: LEFT: Electron diffraction (ED) image of YBCO on MgO obtained in a
TEM. In region ’1’ the two unit meshes of YBCO (’Y’) and MgO (’"M’) are observed.
Two reflections are labelled: YBCO(100) and MgO(200). The two arrows with an asterisk
demonstrate the orthorhombic splitting of the YBCO(400) reflex in YBCO(400) and
YBCO(040) proving that only the superconducting phase of YBCO is present.

Figure 3.39: RIGHT: ED image of region ’2’ of the YBCO thin film. The spots are
interpreted as YBCO in (100) orientation. The arrow depicts the c-direction. The four
small arrows indicate the position of the contrast diaphragm.

A larger magnification of such a platelet is shown in figs. 3.40 (bright field image)*?
and 3.41 (dark field image using the YBCO(100) and (200) reflections).*® The dark field
image has been generated by placing the contrast diaphragm to the position indicated
by four small arrows in fig. 3.39. By this procedure diffraction spots can be related to
objects in the image and it is possible to indicate the orientation of individual objects.

42A TEM bright field image is generated if the zero-order spot in the electron diffraction image is
selected. Areas where no matter is present are shown in white. Areas that are blocked by material give
a smaller intensity on the image. The thicker a particle the more it absorbs the electrons and the darker
it appears.

43 A dark field image is generated by selecting only individual higher-order spots in the electron diffrac-
tion image.
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Figure 3.40: LEFT: Bright field TEM image showing (100)-oriented platelets. One of
them is labelled by A’ and its c-axis ([001] direction) is indicated. The respective c-axes
of the other platelets are randomly oriented in the film plane.

Figure 3.41: RIGHT: Dark field TEM image of platelet A’ generated by selecting
certain YBCO(100) and (200) spots in the ED image. All other platelets do not appear
bright since the selected diffraction conditions do not fit to them.

By selecting low order spots of the diffraction pattern for interference, high resolu-
tion electron microscopy (HREM) images with a resolution in atomic dimensions are
obtained. Figure 3.42 shows a HREM image of YBCO 123 on MgO in planar geometry.
The interatomic distance of 3.8 A between the atomic columns is clearly visible in the
image. The arrows indicate the crystallographic a and b directions of YBCO. White lines
mark the direction of the lattice planes. Please note that the HREM image is obtained
by imaging both the YBCO 123 film and the MgO substrate simultaneously. Taking into
account the comparatively poor point resolution capability of the Philips CM20T of 2.7
A* the image quality is very good.

High resolution imaging of the boundary of one of the slabs having its c-axis in the
film plane (like particle A’ in fig. 3.40) lattice planes with the c-axis distance of YBCO
123 are revealed. They are shown in fig. 3.43 as stripe contrast. ’1’ denotes the (001)-
oriented part of the YBCO 123 film with a and b axis in the film plane. ’2’ indicates the
a-axis oriented particle exhibiting stripes with a distance of 11.7 A (c-distance in YBCO
123). The c-axis of platelet ’2’ is exactly parallel to the a/b-axis of the (001)-oriented
part of the film. It is likely that individual a-axis oriented platelets are aligned epitaxially
in the film, whereas bundles of a-axis oriented platelets (as region ’2’ in fig. 3.37) have

44'Real’ high resolution electron microscopes have a point resolution of 2 A or better. Such instruments
are operated at 400 kV (shorter electron wave length) instead of 200 kV (like the Philips CM20T).
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a random orientation in the plane.

Figure 3.42: LEFT: HREM image of the c-axis oriented YBCO 123 matrix. The dots
represent atomic columns and are separated by 3.8 A. The crystallographic a- and b-axes
are indicated. The white lines highlight the distance between the lattice planes.

Figure 3.43: RIGHT: HREM image of an individual a-axis oriented platelet (’2’) em-
bedded in the c-axis oriented YBCO 123 matrix (’1’). The lines are (001) lattice planes
at a spacing of 11.7 A. The corresponding a and b axes of the platelet are orthogonal to
the a/b axes of the (001)-matrix which indicates epitaxial orientation.

A similar situation of a bundle of (100)-oriented platelets in a mainly (001) oriented
YBCO film on MgO(100)*® is encountered in the SEM images displayed in figs. 3.44 and
3.45. The area appearing brighter in fig. 3.44 is dominated by platelets embedded in a
(001) oriented matrix*® as shown in fig. 3.45. It is quite probable that by accident such
an area has been observed in the TEM images above.

3.4.5 Thickness-gradient films

The half-shadow technique has been applied to grow thickness-gradient films at 675 and
700°C (samples TG-675 and TG-700). Maximum film thickness is about 210 and 280 nm,
respectively. Figure 3.46a shows initial stages of growth of sample TG-675 comprising
(001) terraces. In-plane misalignment of some terraces may be considered as a cause for
the occurrence of screw dislocations at an advanced stage of growth. In fact, at larger

45This may occur in case some part of the substrate is colder than the rest of the crystal platelet
during the PLD process causing locally (100) growth instead of (001) growth.
46XRD gives evidence of YBCO(001) growth with minor YBCO(100) content.
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Figure 3.44: LEFT: Low resolution SEM image showing a presumably (100) oriented
area (brighter) in a (001) oriented YBCO matrix.

Figure 3.45: RIGHT: Higher magnification by SEM of this area showing small platelets.
They are aligned along two main directions and they are not tilted with respect to each
other.

P

Figure 3.46: STM images of thickness-gradient sample TG-675. (a) Initial growth of
(001) terraces; (b) continuous part of the thickness-gradient film showing growth hills
with spiral step courses.
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film thickness spiral growth step courses due to screw dislocations are observed (cf. fig.
3.46b).

Sample TG-700 exhibits by XRD both YBCO(100) and YBCO(001) orientations.
Figure 3.47a shows the thin part of this sample. The well-aligned slabs correspond to
(100)/(010) grains. Figure 3.47b shows that additional (001) growth — characterized by

terraces — occurs at a larger film thickness.

Figure 3.47: STM images of a thickness-gradient film prepared at 700°C (sample TG-
700). (a) Early stages of growth comprising (100)/(010) oriented slabs; (b) (100) and
(001) growth at an advanced stage demonstrated by slabs and growth hills.

3.4.6 Conclusion
Different orientations of YBCO films on MgO(001) have been observed both by XRD and

scanning probe methods. Different grain shapes corresponding to different crystal orien-
tations, such as (001), (100) and (110), have been recognized by comparison of XRD pat-
terns with scanning probe images. The substrate temperature for optimized YBCO(001)
growth on MgO is about 65° lower than on SrTiOj. The half-shadow technique has been
applied to grow thickness-gradient films, which combine different growth stages prepared
under identical deposition conditions on a single substrate crystal. HRTEM images of
the (001) and (100) lattice planes have been shown.
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3.5 YBCO thin films by MOCVD

Due to the high growth rates used in pulsed laser deposition and the non-continuous flow
of material?” it might be suggested that this causes the vast number of screw dislocation
type defects observed by STM in such films. To demonstrate that this is not the case films
prepared by different methods have also been subject to investigations by STM and SFM.

3.5.1 Film preparation

A method by means of which continuous vaporization of material is possible, is chemi-
cal vapour deposition (CVD). To supply the metal atoms metalorganic compounds are
used, i.e. Y, Ba and Cu with organic ligands (metalorganic chemical vapour deposition,
MOCVD). One of the main advantages of MOCVD compared to genuine thermal evapo-
ration methods is the use of Y, Ba and Cu in form of metalorganic (MO) compounds in-
stead of pure metals which are more easily oxidized.*®* Conventional MOCVD yields high
quality YBCO thin films with excellent crystallographic orientation and superconducting
properties [3.47], but requires a carrier gas to transport the MO compounds. Using a
special MOCVD technique developed by P. Héaussler and B. Schulte*® in collaboration
with H. Adrian®® high quality YBCO thin films can be deposited without a carrier gas
[3.48, 3.49, 3.50]. As source materials 2,2,6,6-tetramethyl-3,5-heptandionates (THD) of
Y, Ba and Cu are used. Both Y(THD)3 and Cu(THD), are volatile at relatively low tem-
peratures and do not decompose thermally in an excessive way®!, but Ba(THD), which
contains 0.5-1.6 molecules of water co-ordinated to each Ba atom [3.48] is more difficult
to evaporate at a constant rate. Typical process data are Ty = 140°C, T¢, = 130°C and
Tga = 264°C with an O, flow rate of 200 cm®/min. The three MO sources are directed
through a chimney which is held at its upper end at a temperature of 270°C inducing the
decomposition of the MO precursors and the reaction to the YBCO compound in pres-
ence of oxygen in close proximity of the substrate. The substrate is held at temperature
of 800°C. Typical growth rates of 5 A/s can be achieved. A in-situ post-annealing step
at 500°C for 40 minutes in 1 bar of O, is necessary to obtain superconducting films. By
variation of the rates of the MO precursor sources the film stoichiometry can be changed
in a very controlled way [3.50]. The resulting film morphology has been studied by SEM
[3.50]. A strong dependence of film morphology on the Ba/Cu ratio has been observed.
Films with excess of Cu (relative to Ba) always show precipitates on the surface (presum-
ably CuO). Copper-deficient films exhibit a surface with holes (growth pits) of different
shape and orientation, especially at simultaneous yttria-deficiency. The authors suggest
an island growth mechanism leading to these growth pits [3.50]. Barium-rich films and

4"Growth rates in PLD may be varied in a wide range from 0.05 nm/s to 1 nm/s.

48Since MOCVD does not require very pure vacuum conditions (as for thermal evaporation) it is suited
very well for a industrial thin film preparation.

“9Hoechst AG, Central Research, Frankfurt, Germany

50Tnstitute of Solid State Physics, TH Darmstadt, Darmstadt, Germany

°!For that reason Y(THD); and Cu(THD); yield constant evaporation rates on the time scale of hours.
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films with an ideal Y:Ba:Cu = 1:2:3 stoichiometry show no particles and holes at all.

3.5.2 STM/SFM investigations

The scope of this investigation was to find out whether the surface structure of MOCVD
films is similar to those of the PLD films or magnetron sputtered films of YBCO.

Here only some of the STM /SFM results will be discussed and compared to the YBCO
film films prepared by PLD. MOCVD thin films of YBCO show by STM a similar surface
structure as the PLD YBCO films. Both are dominated by a growth hill morphology
with unit cell steps of YBCO and screw dislocations. Figure 3.48 is a STM image of the
surface of a YBCO MOCVD film on MgO(100). Due to tip-geometry induced limitations
in resolution the SFM image of the same MOCVD film (see fig. 3.49) does not show as
many details as the STM image.

Figure 3.48: LEFT: STM image of the surface of a MOCVD YBCO thin film on
MgO(100) showing the growth hill morphology with screw dislocations similar as observed
on PLD YBCO films. The step height spacings are one unit cell in crystallographic c-
direction.

Figure 3.49: RIGHT: SFM image acquired from the same MOCVD film. Due to the
lower resolution capability of the SFM tip the image contrast is not as good as in the
STM image. The white arrow indicates a growth step of one unit cell in height.

Depending on stoichiometry and substrate material the MOCVD films exhibit differ-
ent surface structure [3.50]. This can be visualized by SFM on a micron scale. Figure
3.50 shows a MOCVD YBCO thin film on MgO(100). Its surface exhibits in addition to
the growth hill structure displayed in figs. 3.48 and 3.49 some slab-like particles which
are likely to be CuO needles. This matches well with the stoichiometry adjusted for this
film. EDAX reveals that it is copper-rich.

A copper-deficient MOCVD YBCO film on a LaAlOj substrate is shown in the SFM
image in figs. 3.51 and 3.52. Its surface structure is dominated by growth pits (holes H)
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and some particulates. A closer view to the growth pits reveals that some needle-shaped
particles are lying at the bottom of the growth pits. The orientation of the needles is
along two directions perpendicular to each other. It is evident that these needles have
impeded film growth at an initial stage. No complete YBCO terraces could be formed at
locations where the needles were present. However, it remains unclear of what materials

these needles are composed.>?
Very similar holes have been observed in STM images of PLD YBCO thin films on
LaAlO; [3.42].
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Figure 3.50: LEFT: SFM image of a copper-rich MOCVD YBCO thin film on MgO.
Slab-like needles (’S’) are found on the surface.

Figure 3.51: MIDDLE: SFM image of a copper-deficient MOCVD YBCO film on
LaAlO;. Typical surface structures are particles and growth pits (holes H).

Figure 3.52: RIGHT: Detailed view of the holes in the same film by SFM. Each growth

pit contains several needles (being aligned to two directions perpendicular to each other).

This growth pit morphology of copper-deficient MOCVD films is very similar to the
one of PLD-grown YBCO films on LaAlO3. The STM images showed similar growth pits
(section 3.2.3), but no needles were observed in the growth pits, presumably due to the
fact that STM could not image the non-conducting needle material.

52Probable suggestions would be that these needles consist of copper oxide or yttria.
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3.6 YBCO thin films by thermal coevaporation (MBE)

Molecular beam epitaxy (MBE), or thermal coevaporation, is a further technique to pre-
pare high quality films of various materials under well-defined preparation conditions.
This technique has been applied even to very complex compounds such as YBCO 123.

The results presented in this chapter have been obtained by investigating thin film
samples of YBCO prepared by thermal coevaporation at the Technical University of Mu-
nich (Germany) by F. Baudenbacher and K. Hirata from the research group of Prof. H.
Kinder.

3.6.1 Film preparation

Films were deposited in a high vacuum evaporator using three resistively heated boats
for Y, Ba and Cu metals [3.51, 3.52]. A quadrupol mass spectrometer measures the
individual evaporation rates from the three boats and the output regulates a feedback
connected to the boat heaters. A quartz crystal film thickness monitor oscillator is used
to calibrate the quadrupol reading. Typical overall growth rates of the YBCO film is
2A /s yielding a thickness of 1200A. The substrate® is surrounded by an oven that heats
the substrate by radiation. A typical substrate temperature is 650°C. A ring of small
nozzles incorporated in the oven introduces molecular oxygen which is required to grow
superconductive YBCO films. Differential pumping allows a pressure of 2.1072 mbar at
the substrate position and a base pressure of 2.10~° mbar in the chamber. This allows the
operation of a reflection high energy electron diffraction (RHEED) system for monitoring
the film growth in-situ. Oxygenation of the film after deposition was done in 20 mbar of
molecular oxygen.

3.6.2 Reflection high energy electron diffraction

The combination of MBE with reflection high energy electron diffraction (RHEED) is
extremely powerful since the forward scattering geometry of RHEED permits measure-
ment during the growth of the film. A fine beam of high energy electrons (10 - 50 keV)>*
is directed to the surface under investigation at a very small (grazing) angle of incidence
in order to obtain a high surface sensitivity at a low penetration depth perpendicular to
the surface. The cathode is on a negative high voltage potential, whereas the sample and
the screen are on earth potential. The elastically scattered electrons are able to excite
the screen without additional acceleration. The observed diffraction image is dominated
by the elastically scattered electrons.”® The intersection of the Ewald sphere with the
screen determines the diffraction image. Figure 3.53 illustrates the RHEED setup: The
incident electron beam is scattered elastically by the sample and generates a spot pattern

53(100) faces of MgO or SrTiO3 crystals.

54Beam spot size is below 100 A.

53Secondary electrons and inelastically scattered electrons have an energy too low to disturb the
diffraction pattern on the screen.
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on Laue circles®® on the screen. The directly reflected spot is called specular beam and
contributes the largest intensity.
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Figure 3.53: LEFT: Schematic of RHEED geometry: An electron beam is scattered
elastically on a sample in grazing incidence. The diffracted intensity is recorded on a
screen. For an ideally flat surface Laue spots are expected.

Figure 3.54: RIGHT: Different Laue patterns for different qualities of the surface: a)
ideal flat surface yielding Laue spots, b) flat surface with monatomic steps or mosaic
structure resulting in elongated spots or stripes, and ¢) surface with three-dimensional
islands resulting in a transmission-type diffraction pattern

Only in case of a perfectly flat surface Laue spots are observed. In presence of a
mosaic structure®” within the excitation area of the electron beam the observed Laue
spots are not circular but lengthy.’® The same applies when the sample’s surface is not
atomically flat but shows unit cell steps on the surface. In case of three-dimensional
islands on the sample’s surface the diffraction pattern consists again of spots but they
are not situated on the Laue circles expected for the (hk) reflections. Due to the increased
roughness of the surface the intensity of the (hk) reflections is drastically reduced and the
three-dimensional points in the reciprocal space dominate °° and yield a diffraction image
similar to one obtained by electron transmission of the sample. Figure 3.54 summarizes
the three basic possibilities of RHEED patterns: a) ideal flat surface yielding Laue spots,
b) flat surface with monatomic steps or mosaic structure resulting in elongated spots or
stripes, and c) surface with three-dimensional islands resulting in a transmission-type

56The Laue circles correspond to the section of planes of the reciprocal space with the screen. Due to
the very special geometry of grazing incidence the information obtained on the direct space is more or
less two-dimensional. Therefore only two-dimensional rods of the reciprocal space have to be taken into
account (denoted (hk) reflections)

5Ti.e. slightly tilted parts of the sample surface (fractions of a degree).

58This is due to the finite thickness of the (hk) rods in the reciprocal space when intersected with the
screen plane.

59This is often also understood as transmission through the three-dimensional islands.
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diffraction pattern [3.53].
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Figure 3.55: First-order growth model (two monolayers) in relation to the RHEED
intensity behaviour (reproduced from the publication by Joyce et al.)

Due to its geometry the RHEED method can be performed during film growth giving
direct insight into the growth mode.®® By observation of the change of the intensity of
the zero-order reflection (specular reflection) further information on growth is extracted.
The fundamental paper by Joyce et al. [3.54] discusses this issue. The major aspects
are summarized: Be assumed a perfect surface of a crystal: the RHEED pattern shows
Laue spots. When growth commences two-dimensional nuclei are formed at random po-
sitions of the substrate’s surface. The diffracted intensity (e.g. of the specular reflection)
decreases due to an increase of diffuse scattering. In a single-scattering approximation®!
this is reasonable since the De Broglie wavelength of the electrons is about 0.1 A, which is

60j.e. it can be determined directly whether the growth proceeds by the layer-by-layer mechanism or

by the island growth mechanism. Transitions between the two modes may also be observed.
610ften also termed kinematic approximation.
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well below of typical dimensions of steps on crystal surfaces (a few Angstroms).62 Diffuse
scattering is at a maximum at a half-layer coverage of the initially flat terrace. This yields
to a minimum of the diffracted intensity. For a completed layer the diffracted intensity
is at a maximum. This results in periodic oscillations of the diffracted intensity of the
specular reflection with time. One period corresponds to the growth of a unit cell layer of
material. Figure 3.55 illustrates the relation between monolayer coverage and intensity
of the specular reflection [3.54]).> The damping of the oscillations is understood as an

gradual increase of monolayer roughness with increasing film thickness.®*

3.6.3 Scanning tunneling microscopy
3.6.3.1 YBCO thin film on MgO

RHEED oscillations have actually been observed by F. Baudenbacher, K. Hirata and H.
Kinder from the Technical University of Munich in YBCO very thin films prepared by
thermal co-evaporation[3.51, 3.52]. First the results obtained from a YBCO thin film on
MgO with a thickness of 120 nm are presented [3.51, 3.55].

Figure 3.56: STM image of a YBCO thin film (120 nm) on MgO prepared by thermal

co-evaporation showing a lot of growth hills with screw dislocations (about 10'°/cm?).

For the optimum stoichiometry of Y:Ba:Cu=1:2:3, the film appears to be totally
smooth in SEM [3.55]. By STM the smooth surface is resolved to tiny growth hills with a
screw dislocation located at the centre of each growth hill [3.55, 3.56]. The number den-
sity of screw dislocations is as high as 10'°/cm? which is a decade more than the number

62In case the wavelength is much smaller than the size of the scatterer, diffuse scattering is obtained.

53 A more detailed discussion would include diffraction as a multiple-scattering (dynamical) process.
Please refer to the publication by Joyce for that issue.

64For this reason the RHEED oscillations can only be observed up to a certain film thickness (for
YBCO 10 monolayers, typically.
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determined for the laser-deposited [3.21] or magnetron sputtered films [3.24]. Figure 3.56
demonstrates this high number density of screw dislocations observed.

3.6.3.2 YBCO ultrathin film on SrTiO3

To take advantage of the RHEED facility ultrathin®® films of YBCO have been grown on
SrTiO3 [3.56]. Figure 3.57 shows the RHEED pattern as photographed from the screen.
The streaky nature of the pattern indicates that the surface of the YBCO film must
be extremely smooth.°® The intensity of the specular reflection (upper curve) and the
background intensity (lower curve) versus time during the growth process is plotted in
figure 3.58.
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Figure 3.57: LEFT: Photograph of the RHEED screen showing a streaky pattern
typical of two-dimensional layer-by-layer growth. The YBCO surface of this film sample
is expected to show only small unit-cell-scale roughness.

Figure 3.58: RIGHT: Intensity of the specular reflection (upper curve) and background
intensity (lower curve) as a function of time during the growth process of the YBCO film
on SrTiO3(100). Each of the oscillations corresponds to the formation of an additional
monolayer. The growth was stopped after 10.5 monolayers. The oscillations are damped
implying a weak, but gradual roughening of the surface.

This film is expected to exhibit flat terraces covered by a nominal half monolayer
in form of monolayer islands. This is verified in the STM image acquired from this
film (fig. 3.59). All steps in the image are of one unit cell height in crystallographic
c-direction of YBCO. The brightness contrast (topographic height) reveals three levels of
height. The darkest level is more or less covered totally by the next brighter level. Thus
we tend to attribute the lowest level in the image to the RHEED oscillation number 9
which stands for the YBCO monolayer number 9. The almost complete terrace must be

65'Ultrathin’ shall mean in the following that the film thickness is only a few unit cells. This can be
indicated very precisely since the growth is documented by the RHEED oscillations.
66 At least on the scale of the size of the electron beam which has only a diameter of 100 Angstroms.
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the one corresponding to the RHEED oscillation number 10. A half of a monolayer is
characterized by the half RHEED oscillation number 11. The ratio of visible monolayers
is most obviously demonstrated by looking at the (brightness/height distribution) his-
togram of the STM image. Two Gaussian peaks with almost equal areas under the peaks
are observed in the histogram (fig. 3.60). This implies that the nominal coverage is 10
and a half monolayer (ML). Concluding the observed RHEED oscillations and the STM
data give a consistent set of observations which clearly demonstrate the correctness of
the interpretation of RHEED oscillations in YBCO films as growth of monolayer terraces.

intensity [a.u.]

layer 9 layer 10  layer 11

.1
relative z-value [ML]

Figure 3.59: LEFT: STM image of the YBCO film on SrTiO; prepared by thermal
co-evaporation as described above. The RHEED pattern and the RHEED oscillations
shown above imply a nominal coverage of 10.5 ML. This is clearly observed in the STM
image: the brighter (higher) layer (number 11) covers about 50 percent of the lower lying
(darker) layer (number 10). All steps are unit cell steps (1.17 nm). Some holes in the
terrace number 9 are observed.

Figure 3.60: RIGHT: Height (brightness) distribution in the STM image shown left.
Two Gaussian peaks with almost the same areas under it represent the layers 10 and 11.
Some intensity is due to the holes in layer number 9.

3.6.3.3 Influence of substrate tilt

Unfortunately things are more complicated. If the substrate is off-cut a certain angle
it will exhibit a cascade of steps in the SPM images. A naive schematic view of this
issue is show in fig. 3.61. The miscut is assumed to be off the <100> directions. Over
a lateral distance x, a height difference z occurs resulting in a stepped SrTiOj surface.
The miscut angle is derived by a = arctan(z/x). Buffered by some interface layer the
YBCO film grows tilted by the same angle, but with an average terrace width that is
three times larger than that of SrTiO3 due to the tripled unit cell layer height of YBCO.
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As an example fig. 3.62 demonstrates how a miscut substrate influences the growth of
ultrathin YBCO films.5”

The image (300 nm x 300 nm, i.e. x = 300 nm) shows a cascade of 6 unit cell

YBCO

SN\ |

Figure 3.61: Model of the YBCO overgrowth on a miscut SrTiO3 surface.

Figure 3.62: STM image of an ultrathin YBCO film on SrTiO3(100). The YBCO step
cascade (6 unit cell steps or about 7 nm over a distance of 300 nm) implies a substrate
miscut of 1.3°.

steps of YBCO (i.e. a height difference of about z = 7 nm). This results in a miscut
angle®® o = arctan (z/x) = 1.3°. This is to be compared to the specifications of the
substrate manufacturers who indicate miscut angles of 0.5 - 1° for the best substrates.
Some substrates, of course, may be aligned more precisely to the (001) face. Concluding
choice of substrates with excellent orientation is crucial for the study of the growth of
ultrathin films by scanning force microscopy.

67At a larger film thickness the substrate-induced tilt of the YBCO film is relaxed (probably by
introducing defects like dislocations).
68 Assumed the substrate is only miscut along [100] or [010].
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3.6.4 Comparing RHEED intensity with STM topography

By the use of specially selected®® SrTiO3 substrates with a very low miscut angle ultrathin
YBCO films have been grown. The growth was monitored by observing the RHEED os-
cillations. Figure 3.63 shows a typical RHEED oscillation recording of YBCO growth on
SrTiO3. After opening the shutter that blocks the metal vapour beams some ’irregular’
oscillations start followed by the regular oscillations related to YBCO unit cell growth.
After 10 oscillations (or 10 YBCO layers) the shutter is closed again to stop the growth
at the maximum of the RHEED intensity. After the shutter has been closed the RHEED
intensity is increasing again due to thermal annealing of the YBCO film. The occurrence
of irregular RHEED oscillations in the beginning of the YBCO growth process has been
investigated by the Munich group [3.57] and is due to the growth of an interface con-
sisting of Cu metal and CuO, particles which cause additional RHEED patterns. These
patterns influence the recorded RHEED intensity and lead to the irregular oscillations.

Aeed Int=nsily [a

Figure 3.63: (a) Variation of the RHEED intensity of the specular beam with time
during the growth of a YBCO ultrathin film on SrTiO3 (upper curve). The growth was
stopped at the maximum of the tenth oscillation. (b) The lower curve is the RHEED
background intensity.

Two films of similar thickness (10 monolayers of YBCO) have been deposited on se-
lected SrTiO3 substrates having a very low miscut angle. The growth of one film has
been stopped at a RHEED maximum to yield a nominally complete YBCO layer as film
surface, the growth of the other film has been interrupted at a RHEED minimum in order
to create a nominal coverage of a half monolayer on completed terraces. Scanning tun-
neling microscopy has been performed to demonstrate the difference in film morphology.
Indeed, the STM image of the film preserved in the state of a RHEED maximum reveals
a complete terrace (fig. 3.64), whereas the image of the film with a growth stop at a

69X -ray diffraction in a four-circle diffractometer was used to select substrates with a miscut angle of
below 0.15°.
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RHEED minimum exhibits numerous small islands yielding a half monolayer coverage

(fig. 3.65).

Figure 3.64: LEFT: STM image of a YBCO film on SrTiO; with growth stop at the
maximum of a RHEED oscillation (complete layer).

Figure 3.65: RIGHT: STM image of a YBCO film on SrTiO3 with a growth stop at a
minimum of a RHEED oscillation (many small islands).

3.6.5 Conclusion

Thermal co-evaporation of Y, Ba and Cu metals and subsequent oxygenation is a method
to grow high-quality YBCO thin films with accurate control of the growth rates of the
individual components. Films of a thickness of about 120 nm show a similar morphology
by STM as films prepared by magnetron-sputtering, pulsed laser deposition or metalor-
ganic chemical vapour deposition: in all cases a typical growth hill morphology is found,
sometimes with a screw dislocation at the centre of each growth hill. For the MBE films
very tiny growth hills have been observed which may be related to the low growth tem-
perature and growth rate in MBE. The simultaneous recording of the RHEED intensity
during growth allows to characterize ultrathin films of only a few monolayers of YBCO in
thickness. Intentional stop of growth of ultrathin films at a maximum or a minimum of
the RHEED oscillation intensity results in films with completed terraces or half-covered
terraces. The corresponding STM images verify the interpretation of RHEED oscillations
as growth of individual monolayers of YBCO very impressively.
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3.7 MXPS investigations of YBCO thin films

3.7.1 Atomic resolution on YBCO

In this section the atomic surface of YBCO is reconsidered. Early STM observations of
an atomic lattice with a lattice constant of 0.38 nm have been reported by L.E.C. van
Leemput et al. [3.58] in 1988 in YBCO 123 single crystals. Since the resolution was
better in one direction he concluded to have imaged the CuO chain layer. The STM
observation of two different, approximately square atomic lattices with lattice constants
of 0.38 nm and 0.27 nm as presented in this thesis, has raised new questions concerning
the interpretation of atomically resolved STM data on YBCO surfaces. Atomic lattices
with lattice constants of 0.38 nm and 0.27 nm are observed for YBCO 123, 247 and 124
single crystals [3.59] and YBCO 123 thin films [3.60, 3.61]. As an example, atomically
resolved YBCO 123 thin film surfaces are shown in fig. 3.66.

1 mm
=

Figure 3.66: Atomic resolution STM images (3 x 3 nm?) of a laser-deposited YBCO
thin film. (a) Approximately square surface lattice with 0.38 nm spacings corresponding
to a- or b-axis lengths of the YBCO unit cell. Corrugation amplitudes (peak to peak)
between 0.04 and 0.1 nm. Tunneling current I; = 0.29 nA, tip bias voltage U, = +179 mV
(constant current image). (b) Atomic surface lattice with 0.27 nm spacings corresponding
to the O(2)-O(3) distance. Tunneling current 0.9 nA, tip bias voltage +600 mV (constant
height image).

For an interpretation the unit cell of YBCO 123 should be examined again (fig. 3.67).
Some unit cells viewed from the [100] direction are shown in stereographic representation
in fig. 3.68. The (001) surface which in being investigated here is displayed as a stereo
image in fig. 3.69.

3.7.2 Interpretation based on STM data

Both atomic lattices can be imaged consecutively by variation of tunneling bias voltage.
No surface damage was observed after atomic resolution imaging. Similar atomic ar-
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rangements on surfaces of YoBa;Cug; 101410, n=0,1,2, single crystals are observed [3.59].

Figure 3.67: Model of the Y;Ba;Cu3O7 unit cell. The labels indicate atomic species.
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Figure 3.68: Stereographic projection of 4x4x 2 YBCO 123 unit cells (viewing direction
along [100]. The layers are the following (from top to bottom): CuO chains, Ba-O, CuO,
planes (pyramids), Y layer, CuO, planes (pyramids), Ba-O, CuO-chains, Ba-O, CuO,
planes, Y layer, CuO, planes, Ba-O, CuO-chains. Oxygen atoms are displayed smaller
than the metal atoms. Note the wiggled surface of the CuO, planes which is due to the
shift of oxygen atoms off the plane of the Cu atoms (the shift about 0.3 A)

Up to now, atomic resolution has only been achieved in step-free areas™ on the YBCO
surface. Comparing the observed distances of 0.38 and 0.27 nm with the model of the
unit cell of YBCO (fig. 3.67) it is possible to attribute the 0.38 nm spacing to several
different atomic species: Y-Y in the yttrium layers, Cu(1)-Cu(1) and O(1)-O(1) in the
Cu-O chains, Cu(2)-Cu(2) in the Cu-O, layers, or Ba-Ba and O(4)-O(4) in the Ba-O

70Up to now, it was not possible to obtain atomic resolution across YBCO steps.
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layers. However, the second square atomic arrangement with a spacing of 0.27 nm can
be unambiguously attributed to the O(2)-O(3) spacing in the Cu-O, layers.”! Based on
this definite assignment, the 0.38 nm spacing is likely to correspond to the Cu(2), Ba,
O(4) or Y arrangement. However, reconstruction of the YBCO surface as suggested by
Frank et al. [3.62] cannot be excluded. Their suggestion is based on a quantitative angle-
resolved X-ray photoemission spectroscopy study in vacuum. They conclude that YBCO
is terminated by an approximately 1 nm thick insulating layer containing a Ba-O layer
and parts of the Cu-O chains.

Figure 3.69: Stereo image of the (001) surface of YBCO 123: The mesh with a smaller
lattice constant (0.27 nm) is built up of the CuO, pyramids. The lattice with a lattice
constant of 0.38 nm consists of the a- and b-axis framework (metal atoms, oxygen atoms
in the BaO plane).

The two observed atomic arrangements agree with the photoemission study [3.62], if
it is assumed that the 0.27 nm spacing actually corresponds to the O(2)-O(3) distance in
the Cu-O, layer and the 0.38 nm spacing is attributed - for reasons of similar tunneling
probabilities from different oxygen states - to the O(4)-O(4) distance in the Ba-O layer.
In addition, resonant tunneling processes [3.63] are a different possible explanation for
the STM observation of atomic arrangements in YBCO. Proposed experiments required
to clarify the question of the terminating layer of YBCO are for example inelastic ion
scattering spectroscopy or high-accuracy quantitative X-ray photoelectron spectroscopy.

1Tt may be objected that for example the Ba-O plane contains the 0.27 nm distance as well. Although
this is true, the 0.27 nm distance is the spacing between a barium and an oxygen atom. In STM barium
and oxygen atoms exhibit a different density of states at the Fermi edge. This would imply a different
appearance of the barium and oxygen atoms in STM images, which was not observed. For that reason
the 0.27 nm lattice is expected to consist of one species of atoms. It should therefore be assigned to the
0(2)-O(3) distance.
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3.7.3 X-ray photoelectron spectroscopy

Angle-resolved X-ray photoelectron spectroscopy (AR-XPS) using monochromatized™ Al
K, radiation (energy: 1486.6 eV) was performed to obtain chemical information on the
nature of the topmost layer of YBCO thin films. The experiments have been performed
in the ESCALAB 210 spectrometer™ of the Basel ESCA group.™

The energy resolution of the instrument is 0.6 eV FWHM using a 150 mm (radius)
hemispherical energy analyzer and a quartz crystal monochromator. The angular accep-
tance has been chosen + 12° for 0° incidence relative to the sample’s surface normal and
+ 3° for 70° incidence. A multi-channel detection allows to acquire 5 energy channels
simultaneously resulting in a reduction of measuring time by a factor of 5. To my knowl-
edge this is the first angle resolved study of the surface on high quality YBCO thin films
performed with monochromatized XPS.

3.7.4 Previous studies of YBCO by XPS

Several studies of the surface of YBCO are reported in literature by Frank et al. [3.64],
Aarnink et al. [3.65] and Behner et al. [3.66]. In summary, most of the studies identify
the Ba-O layer (with underlying Cu-O chain layer) as the surface layers of YBCO (see
fig. 3.70). Aarnink et al. [3.65] can not exclude an amorphous surface layer of YBCO
consisting of barium, copper, carbon and oxygen. A problem with the YBCO films used
by Frank et al. [3.64] is the fact that the surface of the films is covered by 8-20 % by
particles, outgrowths and droplets [3.64], which are not of the same chemical composition
as the underlying YBCO film.” All films except those by Behner et al. [3.66] have been
prepared outside the XPS-UHV chamber and are air-exposed. The films prepared in-situ
by Behner et al. [3.66] show no traces of carbon at the surface. The aging process of the
films upon exposure to the ambient for defined periods of time is clearly demonstrated
in the publication by Behner et al. [3.66].

3.7.5 Angle-resolved photoemission

This section briefly introduces the technique of X-ray photoelectron spectroscopy (XPS).
X-ray radiation from a X-ray tube is monochromatized by a quartz single crystal monochro-
mator and directed to the sample (see fig. 3.71). A detector aligned at a well-defined

72This is of special importance to avoid satellite peaks which may contribute up to 10 % of the signal.
Using monochromatized radiation the background is much smaller and quantifying the spectra is much
more reliable (accurate integration of peak area is possible).

73Fisons, VG Instruments.

"In this context I would like to thank H.-G. Boyen and P. Oelhafen for the realization of this study
and the many helpful discussions.

"5The particles, outgrowths and droplets are reported to be richer in CuO compared to the YBCO
matrix as determined by EDAX.
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angle with respect to the sample’s surface normal collects the photoelectrons being gen-
erated by the X-ray photons and analyzes the kinetic energy.
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Figure 3.70: Unit cell models of YBa;Cu30O; summarizing the results of the XPS studies
by Frank et al. (left) and Behner et al. (right).
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Figure 3.71: Schematic of the X-ray photoemission spectroscopy experiment (XPS):
X-ray radiation with the energy hv excites photoelectrons originating from a depth d
of the sample. A detector collects the photoelectrons and analyzes them according to

the kinetic energy. Tilting the sample off its surface normal by an angle ¢ reduces the
information depth to dcos ®.

Although the penetration depth of the X-ray radiation is a few micrometre the pho-
toelectrons are only able to pass a small part of the sample (only a few monolayers). For
that reason the information obtained by XPS is based on the very topmost atomic surface
layers. Under a detection direction normal to the sample’s surface the information orig-
inates from a depth d. When enlarging the angle between the sample’s surface normal
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and the detector, the information depth is reduced to d cos & (® being the angle between
the sample’s surface normal and the detector). This allows to investigate the chemical
composition of the topmost surface layers of the sample. For that reason angle-resolved
MXPS was chosen as a method to determine the nature of the topmost surface layer of
YBCO. The setup of the angle-resolved XPS experiment is shown in fig. 3.72.
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Figure 3.72: Schematic view of the angle resolved XPS experiment at two angles (0° and
70° off the sample’s surface normal). The collected photoelectrons are analyzed in terms
of the kinetic energy. Using the known X-ray radiation energy the binding energy of the
atoms responsible for the photoelectron can be determined and therewith the elements
involved in the surface.

The surface sensitivity of (angular-resolved) photoelectron spectroscopy has been ac-
curately studied and modeled in a publication by Seah and Dench [3.68]. The information
depth of most photoemission data follows a general curve displayed in fig. 3.73. Informa-
tion from a specific elemental state is directly connected to a certain information depth
A. For inorganic compounds this relation is as follows:

A =2170/E* + 0.72V aE. (3.3)

The information depth is in monolayers with a denoting the thickness of one monolayer,
and E denoting the kinetic energy of the photoelectrons. The given example assumes
a monolayer thickness a = 0.2 nm which is the typical thickness of an atomic layer in
YBCO.” The bold lines indicate the elements present in the YBCO compound and the
corresponding kinetic energies. The majority of the photoelectrons is emitted from a
layer of a thickness of about 10 nm. At an angle of 70° between detection direction and
sample’s surface normal the information depth is below 2 nm allowing the discussion of
the chemical nature of the YBCO surface layer.

76Six such layers form the unit of YBCO: BaO, CuO,, Y, CuO,, BaO, CuO.
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Figure 3.73: Double logarithmic Seah-Dench plot calculated for a monolayer thickness
0f 0.2 nm. According to the kinetic energy of the electrons the information originates from
different depths (typical information depths of the elements in question are indicated).
At 70° incidence to the film normal the surface sensitivity is about 10 times higher.

3.7.6 Two YBCO thin films for MXPS investigations

This section presents two YBCO thin film samples of a different quality. The first sample,
"Y1’, has been stored for several months in an argon filled glass tube without desiccative

vi.

Figure 3.74: LEFT: STM image of an aged YBCO film (’Y1’) investigated to demon-
strate deterioration effects. The investigation by XPS will show that this is due to a
contamination layer of hydrocarbons and barium carbonate. RIGHT: STM image of a
fresh YBCO thin film ("Y?2’) showing clear step patterns. The XPS investigation will
show that almost no barium carbonate contamination layer is present.
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material. The other sample, ’Y2’, is freshly prepared and protected by silica gel. Both
samples have been subjected to an investigation by STM. Even if sample Y1’ exhibits
step patterns the surface seems to be contaminated. The step edges are not resolved
clearly and appear fuzzy (see fig. 3.74, left). Sample Y2’ on the other hand, exhibits
clear step patterns and screw dislocations (see fig. 3.74, right).

Monochromatic XPS in UHV reveals the presence of Y, Ba, Cu, O and C on the
surface of sample "Y2’. The survey spectrum at a detector angle of 0° with respect to
the sample’s surface normal is shown in fig. 3.75. In the following high resolution spectra
(resolution about 0.6 eV) of the individual photoemission peaks of both samples "Y1’
and Y2’ will be discussed.
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Figure 3.75: MXPS Al K, spectrum (energy of the radiation: 1486.6 eV) of sample
"Y'2’. The presence of several peaks allows the chemical analysis of the sample’s surface.

Peaks of Cu 2p, Ba 3d, O 1s, C 1s, Y 3d and Ba 4d are labelled.

High resolution MXPS spectra — at & = 0° relative to the sample’s surface normal
— of the Ba 3d and Ba 4d states are shown in figs. 3.76 and 3.77. The cleaner sample
Y2’ shows two barium components distinguished by a difference in binding energies.
The contaminated sample "Y1’ is dominated by a single barium component. The inter-
pretation is simplified by studying the corresponding C 1s spectra of the two samples
(fig. 3.78). Whereas the contaminated sample "Y1’ shows carbon peaks at two different
binding energies the cleaner sample Y2’ exhibits mainly one component. A comparison
with literature (e.g. Behner et al. [3.66]) suggests that the component at a higher bind-
ing energy”” is due to carbonate formation, and the component of lower binding energy

"Since the binding energy is the energy of the radiation (1486.6 V) minus the kinetic energy, the
binding energy is at the left end of the abscissa. The spectra of kinetic and binding energy look the same
but the axes are labelled differently.



3.7. MXPS INVESTIGATIONS OF YBCO THIN FILMS 119

(i.e. the right component) is attributed to pure carbon or, more probably, a layer of
hydrocarbons since hydrogen can not be detected in photoemission spectroscopy. This
means the aged sample ("Y1’) has suffered from a contamination layer formed by barium
carbonate and by a layer of hydrocarbons. Direct comparison of the integrated peak
intensities of the barium and carbon peaks by assuming a barium surface covered by a
hydrocarbon layer has shown that the hydrocarbon contamination layer must be as thick
as approximately 20 monolayers of carbon. This sounds quite a lot, but it should be
kept in mind that all air-exposed samples will be immediately covered by a hydrocarbon
layer. Removing this layer in UHV by heating and ion-sputtering is possible, but prefer-
ential sputtering of the YBCO surface may occur and affect the analysis of the topmost
layer of YBCO. In STM this non-conducting hydrocarbon layer does not seem to disturb
strongly the images, probably it is simply pushed away while scanning. In photoemis-
sion, however, this hydrocarbon layer just reduces the measured peak intensities of the
other elements by acting as a transparent layer with an extinction coefficient. This does
implicitly not affect the elemental ratios of Y:Ba:Cu at the surface of the YBCO film.
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Figure 3.76: LEFT: High resolution MXPS spectrum of the Ba 3d 5/2 peak at & =
0°. Whereas the contaminated sample "Y1’ mainly shows a single barium component,
the clean sample exhibits two different barium components. This finding is in agreement
with other authors, e.g. Behner et al.

Figure 3.77: RIGHT: MXPS of the Ba 4d 3/2 (left) and 5/2 (right) doublet. Again,
sample Y2’ exhibits two barium components (each a doublet) with different binding
energies implying barium in two different chemical environments. Sample "Y1’ however,
solely shows one strong doublet component.

Analysis of the Cu 2p 3/2 states shows (see fig. 3.79) very similar MXPS spectra
of both the aged and clean samples implying that surface reactions do not proceed via
formation of different carbon compounds. The Cu 2p 3/2 state is splitted into two com-
ponents (a weak and broad feature at lower kinetic energy and a sharp and clear feature
at higher kinetic energy). The left component has been assigned to the copper in the
Cu-O chains (see for example: Frank et al., [3.64]), whereas the other is interpreted as
the copper state in the superconductive Cu-O, planes. The presence of both components
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at normal incidence reflects the bulk of YBCO.
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Figure 3.78: MXPS spectra of C 1s in samples "Y1’ and Y2’. The aged sample Y1’
exhibits two carbon components. A component at higher binding energy (lower kinetic
energy, left peak) typical of carbonates, and a component of lower binding energy (right
peak) attributed to pure carbon or hydrocarbons. The cleaner sample Y2’ exhibits
mostly the hydrocarbon component.
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Figure 3.79: LEFT: High resolution MXPS spectrum of the Cu 2p 3/2 peak at & =
0°. Two components are observed: a broad and weak peak (left) being caused by the
copper in the Cu-O chains, and a intense peak originating from the copper in the CuO,
planes. The aged ("Y1’) and the clean ("Y2’) sample do not differ very much.

Figure 3.80: RIGHT: MXPS of the Y 3d 3/2 (left) and 5/2 (right) doublet. Slight

differences between the aged and the clean film are observed implying some reactive Y
interface.

The Y 3d states which are a doublet of Y 3d 3/2 and Y 3d 5/2 is found to change
slightly by comparing the spectra obtained from the aged and the clean sample. This
might imply some reactive Y at the interface to the contamination layer (see fig. 3.80).

The last element to be discussed is oxygen. The MXPS spectrum reveals two O 1s
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components (two chemical sites) in the cleaner sample 'Y2’, whereas one component is
dominating in case of the aged sample "Y1’ (see fig. 3.81). Summarizing the observations
of differences between the aged and the clean sample, it can be stated that reactions
involve mainly the elements barium, carbon and oxygen. This is compatible with the
general observation of barium carbonate and barium hydroxide formation at the surface
of YBCO on being exposed to humid air.
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Figure 3.81: MXPS spectra of O 1s. The fresh sample Y2’ shows two oxygen com-
ponents whereas one of them is strongly suppressed in the aged sample "Y1’. Thus the
reactive interface involves oxygen as well.

3.7.7 Determination of the YBCO toplayer

This last section discusses the results obtained by angle-resolved photoemission spec-
troscopy in order to interpret the STM observation of two different surface lattices with
lattice constants of 0.38 nm and 0.27 nm.

First, the MXPS spectra of the Ba 3d 5/2 (fig. 3.82) and Ba 4d 3/2, 5/2 states (fig.
3.83) are shown.

Since from the two components of the Ba 3d 5/2 spectrum observed at & = 0° only
one component is found at & = 70°, the peaks may be separated in bulk components
’b’ and surface components ’s’. The peaks are fitted to a Gaussian shape using the
background subtraction method introduced by Shirley [3.67]. If a surface component is
observed at & = 70°, this element is part of the topmost surface layers of YBCO. The
same behaviour is also found on analyzing the Ba 4d 5/2, 3/2 doublet (see fig. 3.83). As
conclusion from the barium spectra it is evident that barium is part of the surface layer.

The Y 3d 5/2, 3/2 doublet is shown in fig. 3.84. One component seems to be sufficient
to explain the spectrum at & = 0°. At the surface-sensitive angle & = 70° no appreciable
yttrium intensity is found indicating that yttrium is not part of the topmost surface layer

of YBCO.
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Figure 3.82: LEFT: High resolution MXPS spectrum of the Ba 3d 5/2 peak at & =
0° (upper spectrum) and ® = 70° (lower spectrum). The spectrum is fitted using two
barium components (labelled ’s’ and ’b’). At & = 70° the bulk component ’b’ vanishes

implying the existence of a barium surface component ’s’. This implies barium is present
in the topmost layers of YBCO.

Figure 3.83: RIGHT: Ba4d 3/2 (higher binding energy) and 5/2 (lower binding energy)

doublet. Both surface and a bulk components are observed.

The Cu 2p 3/2 state is split up (as previously mentioned) in a copper peak originating
from the copper oxide chains (left, broad peak in fig. 3.85) and a peak caused by the
CuO; planes (right, sharp peak). Both peaks are observed in the & = 0° spectrum, but
the Cu-O chain feature is absent in the & = 70° spectrum. This observation indicates
that the surface layer of YBCO incorporates the CuQO, plane layer and not the Cu-O
chain layer, as it has been suggested in previous studies by others ([3.64] — [3.66]).

This result is of special importance since it is fully compatible with the observation of
two atomic surface lattices with lattice constants of 0.38 nm and 0.27 nm by STM. Thus
the interpretation of the STM data with the help of the AR-MXPS data is as following:
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e The 0.27 nm square atomic lattice is the oxygen arrangement of O(2)-O(3) in the
CuO, plane.

e The 0.38 nm square atomic lattice is the O(4) arrangement of the Ba atom arrange-
ment in the Ba-O plane.
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Figure 3.84: LEFT: High resolution MXPS spectrum of the Y 3d 3/2 (left peak) and

5/2 (right peak) doublet. Since both peaks vanish in the & = 70° spectrum yttrium is
not part of the surface.

Figure 3.85: RIGHT: High resolution MXPS spectrum of the Cu 2p 3/2 states. At
= 0° (upper spectrum) a Cu-O chain component (left) and a CuO, plane component are
observed (right). At & = 70°, however, only the component attributed to CuO; plane is

present implying the absence of Cu-O chain features at the surface of particle-free YBCO
films.

The suggested layer sequence of YBCO is displayed in fig. 3.86. The YBCO surface
is terminated by a CuO, and a Ba-O layer.

To complete this section the O 1s and C 1s spectra are shown in figs. 3.87 and 3.88.
The O 1s data exhibits at & = 0° four components attributed to surface and bulk peaks
of two oxygen species. At & = 70° one oxygen species is suppressed. It should be added

that the relative intensity of the individual peaks has changed implying a more complex
situation in case of the oxygen distribution.
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The C 1s spectrum shows at & = 0° two components previously attributed to the
carbonate contribution (left peak) and the hydrocarbon contribution (right peak). At &
= 70° only the hydrocarbon peak is left implying carbonate formation is a bulk effect.
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Figure 3.86: Suggested layer sequence of YBCO based on scanning tunneling mi-
croscopy and angle-resolved X-ray photoelectron spectroscopy.
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Figure 3.87: LEFT: High resolution AR-MXPS spectra of the O 1s state. Four peaks
are revealed at ® = 0° which change the relative intensity ratio at & = 70°.

Figure 3.88: RIGHT: C 1s spectra showing at ® = 0° both a carbonate contribution
(left peak) and a hydrocarbon peak (right peak). At & = 70° the carbonate peak has
disappeared indicating that carbonate formation might be a bulk phenomena.
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3.8 YBCO thin films by LPE

Liquid-phase epitaxy is in contrast to the previously described vapour-growth methods
a technique which is related closer to the growth of single crystals from a flux or a melt.
Film thicknesses of several um can be obtained within a few minutes. The growth occurs
very near to equilibrium. Surface diffusion allows interstep distances of several pm. Epi-
taxial growth occurs at very low supersaturation (>1000x smaller than in PVD or CVD).

3.8.1 Film preparation

YBCO films by LPE [3.70, 3.71, 3.72] have been grown by C. Klemenz and H.J. Scheel.™
The constituents BaO,, CuO and Y,03 corresponding to 5 weight % YBCO in a flux
solvent of BaCuO,-CuO at 31 mol % BaO were molten in a conical yttria crucible
by heating to 1010°C during 9 hours. After soaking for 7 hours the temperature was
increased to 1040°C and reduced to 1000°C within 90 mins. A NdGaO3(110) substrate
was then vertically dipped into the solution at 995°C and rotated at 16 rpm. After very
slow cooling in 9h50min. to 993.6°C the substrate with the YBCO layer was slowly lifted
out of the melt (23 min.) and then removed from the furnace.

Figure 3.89: Two different SFM magnifications of a LPE-grown YBCO film on
NdGaO3(110) showing a spiral growth hill with a Burgers vector component of 4-5
YBCO(001) spacings perpendicular to the film surface. The hollow core in the centre of
the growth hill is labeled with H.

"8Cristallogenese, Institute of Micro- and Optoelectronics, EPFL Lausanne, Switzerland.
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3.8.2 SFM investigations

SFM investigations on these YBCO samples are performed at ambient temperature and
pressure. The films exhibits large growth spirals with wide terraces (~2pm) and step
heights of 4-5 unit cell steps of YBCO. In all spirals imaged a hollow core is found in the
centre of the growth spiral (see fig. 3.89).

Hollow cores might be very important for effective flux pinning in YBCO. By irradi-
ation of YBCO crystals with heavy ions it has been observed that amorphous tracks are
produced (columnar defects) in the crystal [3.73], which enhance flux pinning in YBCO.
The number density of growth hills (and hollow cores) varies locally between 5x 10%cm ™2
and 10*cm~2. A line section through the hollow core gives a diameter of 600 nm and a
depth of at least 125 nm. This is to be compared to the diameter of a columnar defect
created by ion irradiation (1 nm).

A further example of a spiral growth hill with a hollow core H is shown in fig. 3.90.
Additionally a pinning centre for steps P is observed. Some impurity in the crystal has
impeded step flow and produced these bunched steps.

Figure 3.90: SFM image of a spiral growth hill with a hollow core H. A pinning centre
for steps P (probably an impurity) leads to bunching of steps.

If it succeeds to grow superconducting LPE films with YBCO monosteps and terrace
widths beyond 10 gm, the LPE method will be a key technique for the growth of very
smooth YBCO films and to the realization of reliable planar Josephson junctions and

SQUIDs made of YBCO.
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3.9 ErBaCuO 124 thin films

3.9.1 ErBa2Cu408 ceramics and thin films

The high T, superconductor YBa;Cu4Og (Y 124) is thermodynamically more stable [3.74]
than the non-stoichiometric YBayCu3O7_s (Y 123) favoring Y 124 for applications. The
Y 124 synthesis requires a heat treatment in high oxygen pressure (kbar range) yielding
bulk material and small single crystals (see Chapter 2). By substitution of Y by Er it
is possible to prepare bulk material under ambient pressure [3.75]. This ceramic has
been used as a target for pulsed laser deposition to grow ErBa;CuysOg (Er 124) thin films
(thickness: 200 nm) on SrTiO3(100) and MgO(100) substrates using a KrF excimer laser
(A = 248 nm, energy density on the target: 2.5 J/cm?). The oxygen pressure during
deposition was 27 Pa and the substrate temperature was 690°C, followed by cooling to
600°C in oxygen (4 x 10" Pa) at a rate of 4 K/min. After switching off the heater the
film was cooled to room temperature.

3.9.2 Structural investigations

The phase purity of the Er 124 ceramic was verified by inductive and resistive T, deter-
mination (7. = 80 K), x-ray diffraction, high resolution transmission electron microscopy
(HRTEM) using a JEOL 4000 EX microscope (400 kV, 1.9 A point resolution, defocus
conditions near Scherzer focus) and by electron diffraction (ED).” Figure 3.91 shows
an ED pattern and a HRTEM image of a ceramic Er 124 sample. The ED pattern is
compatible with the structure of Er 124 (Ammm, No. 65, a=0.3847nm, =0.3872nm,
¢=2.7278nm) [3.75].

Figure 3.91: Er 124 ceramics: (a) ED pattern along [110]. (b) Lattice image viewed
along [010].

"9The TEM investigations have been performed by N.D. Zakharov and D. Hesse, Max-Planck-Institute
for Microstructure Physics, D-06120 Halle/Saale, Germany.
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The lattice image shows the elongated slabs (arrow) typical of the double Cu-O chains
present in Er 124 and compares well with simulations and previous HRTEM observations
[3.76]. Similar data is obtained from the Er 124 thin film on SrTiOj;. The cross-section
HRTEM image in figure 3.92 shows the SrTiO; substrate and the epitaxially grown Er
124 (001) film.

Figure 3.92: Er 124 thin film on SrTiO3(100): cross—section HRTEM image viewed
along [010]. A unit cell is marked. The arrow indicates the double Cu-O chains.

The surface morphology of the Er 124 thin films has been studied with a scanning
tunneling microscope (STM) in air at room temperature using a Nanoscope II STM with
a Ptgolryo tip. Figure 3.93 shows a constant current STM image of an Er 124 thin film on
MgO(100). Growth hills of a diameter of about 100 nm dominate the surface topography
similar to previous STM data obtained from Y 123 (001) thin films [3.12, 3.13]. The line
section (fig. 3.93b) demonstrates that steps observed are all 2.7 nm in height correspond-
ing to one [001] spacing of Er 124. This implies that the full crystallographic unit cell of
Er 124 is the stable growth unit, i.e. the growth unit comprises two ErBa;Cu;Og units
as expected from a crystal chemistry point of view. Contrary to Y 123 (001) thin films
screw dislocations are observed very rarely in Er 124 thin films. A screw dislocation is
labelled by ”s” in figure 3.93a. The maximum height difference in the STM image is 4
unit cells (10.8 nm) over an area of 0.25 pm? which is about three times smaller than
in Y 123 thin films grown under optimized conditions (maximized 7T, minimized x-ray
rocking curve widths) [3.44]. By further optimization of Er 124 thin film growth it should
be possible to grow even smoother films.
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Figure 3.93: Er 124 thin film: (a) STM topview image showing growth hills with steps
of 2.7 nm in height (c-axis parameter of Er 124). A topography section (white line) is
shown in (b). Tunneling current: 0.3nA, sample bias voltage: —1V.

3.9.3 Conclusion

ErBa;Cuy04(001) (Er 124) thin films have been prepared by pulsed laser deposition
from ceramic Er 124. Transmission electron microscopy and electron diffraction is used to
identify the Er 124 phase in both ceramics and thin films. Scanning tunneling microscopy
images of the film samples show growth hills with steps having a height of 2.7 nm. This
implies that the growth unit is the full crystallographic cell with two ErBa;Cu,Og units.



130 CHAPTER 3. YBCO THIN FILMS

3.10 Summary

YBCO thin films prepared by various methods and on different substrates seem to have
some morphological aspects in common such as the presence of growth hills and step
patterns with the height of a single unit cell in crystallographic [001] direction. Screw
dislocation defects often occur in the films but the question could not yet be definitely
answered whether these dislocations affect or improve the superconducting properties of
the films as it was suggested in publications by Gerber et al. [3.12] and Schlom et al.
[3.24]. Even if screw dislocations act to some extent as pinning centres for flux lines, it
remains to be cleared why YBCO thin films on SrTiO3 prepared by pulsed laser deposi-
tion (section 3.3) do not exhibit screw dislocations but show similar high critical current
densities as films having screw dislocations [3.44]. Due to the growth hill morphology
— which is also ’ideal’ in terms of the structural X-ray data [3.44] — YBCO thin films
contain the same number of valleys between the growth hills as growth hills, and it may
be suggested that the flux lines stick to these valleys. A reduction of the length of a flux
line implies a reduction of energy. In fact, recent MFM experiments by H. Hug and A.
Moser [3.69], University of Basel, suggest that flux lines are actually pinned in the valleys.
This finding would explain the fact why films without screw dislocations exhibit similar
values of the critical current density as films with screw dislocations. The occurrence of
screw dislocations may also be related to the miscut of the substrate or to the substrate
lattice constants.

Different deposition techniques such as MO-CVD (section 3.5) and thermal co-eva-
poration (section 3.6) allow a direct monitoring of vaporization and growth rates using
quartz oscillators and quadrupol mass spectrometers. The RHEED technique allows the
direct observation of the growth mode, but due to the very small spot size of the electron
beam only spatially limited information is available. The combination of RHEED growth
pattern with STM images has demonstrated that the layer-by-layer growth model sug-
gested by the observation of RHEED oscillations is basically correct but does not hold on
a micron scale which is relevant for technical applications using superconducting quan-
tum effect devices.

STM has visualized the surface of YBCO both on a micrometre as well as on an
atomic scale. With the help of angular resolved X-ray photoelectron spectroscopy two
square atomic surface lattices of 0.38 nm and 0.27 nm spacings as observed by STM could
be interpreted in a consistent way as O(4) and O(2)/0(3) arrangements in the BaO and
CuO; planes of YBCO (section 3.7).

Section 3.8 demonstrates that liquid phase epitaxy as a non-vapour-growth method is
capable to produce quite smooth films with terrace widths of a few pm which is relevant
for applications.

In section 3.9 the successful growth of ErBa;Cus0g(001) thin films by PLD is reported
and illustrated by STM and TEM images. ErBa,Cu,Og has advantages compared to
YBa;Cu307_s, mainly concerning the higher thermodynamic stability and the absence
of a structural phase transition, which complicates the growth of YBCO 123.
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Chapter 5

Fullerenes

5.1 Introduction

The discovery [5.1, 5.2] of the third ordered form of carbon has its roots in the investiga-
tion of molecule clouds in the universe. H.W. Kroto (Univ. of Sussex, U.K.) studied in
the 80’s ’complex’ molecules like ethanol, NH3, H,O or HCO™ in interstellar clouds by ra-
dioastronomy. The light of the stars lying behind such clouds is being absorbed partially
in a way specific to the molecules present in the interstellar cloud. Kroto’s new method
to identify molecular species in interstellar clouds was it to synthesize special molecules
exhibiting carbon chains such as HC3N, HC;N and HCgN in the laboratory. The absorp-
tion spectrum acquired in laboratory was then compared to spectra obtained by p-wave
spectroscopy from interstellar clouds. The presence of these molecules was related to the
understanding of energy production processes in red giant carbon stars.!
approach was it to perform carbon vaporization experiments in the laboratory and to
compare the measured absorption spectra to those obtained by radioastronomy.

R.F. Curl and R.E. Smalley from Rice University, Texas, U.S.A., did in 1985 laser
vaporization experiments using rotating disks of different materials. Vaporized particles
were studied using a mass spectrometer. Kroto suggested an experiment with a rotating
graphite disk. At the 4th of September in 1985 [5.2] a mass spectrum was obtained show-
ing a clear peak for a species with a mass number of 720 corresponding to a molecule

Kroto’s new

built up of 60 carbon atoms. An earlier graphite vaporization experiment by the Exxon
Research group (Rohlfing et al.) [5.3] was later found also to contain a peak in the mass
spectra at 720 (Cgo) and 840 (Cry), but was not interpreted properly at that time. From
symmetry arguments Kroto suggested a possible structure for this molecule: a closed-
cage molecule having a truncated icosahedron structure (the structure of a soccer ball).
Such a highly symmetric molecule was expected to show well-predictable properties:

e structure built up of 12 carbon pentagons and 20 carbon hexagons,

e 60 x 3 -6 =174 degrees of freedom,

'Red giant carbon stars do not show hydrogen emission lines but carbon lines. The standard model
for energy production in a star by fusion of hydrogen to helium (followed by more complicated fusion
processes) is not applicable to this type of star.
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— only 4 IR active modes,

— 10 Raman active modes,

o a single >C nuclear magnetic resonance (NMR) line (all carbon atoms are equiva-
lent).

At that time it seemed not to be possible to confirm these predictions since this new
material was not available in sufficient amounts to perform solid state experiments.

The mass spectra showed some special features: in a mass range equivalent to 1-35
carbon atoms all integer peaks were observed implying the presence of all sorts of carbon
chain fragments. In a mass range from 36 to over 110 carbon atom masses only the even
carbon mass numbers were observed. This was later found to be a genuine property of
this new class of closed-cage molecules.

The idea of a soccer-ball-shaped molecule made Kroto think of the dome-like archi-
tecture by Buckminster Fuller? and he suggested the name Fullerenes or Buckyballs for
the new closed-cage molecules.

To understand the geometry of the most abundant representative of the fullerenes,
Ceo, the net of the truncated icosahedron is discussed (see fig. 5.1):

Figure 5.1: Net of the truncated icosahedron. The closed-cage structure consists of 12
pentagons and 20 hexagons. Pentagon edges never touch (isolated pentagon rule).

The truncated icosahedron (icosahedral symmetry group I;) is one of the Archimedian
bodies. Thus the Fuler’s rule is applicable:

faces + vortices = edges + 2 (5.1)

in short:

fHv=e+2 (5.2)

2Buckminster Fuller built geodetic domes for the world exposition (EXPO) 1966 in Montreal.
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The number of faces f is the sum of the numbers of hexagons h and pentagons p. Each
hexagon has 6 edges and each pentagon has 5 edges. Each edge is part of two faces and
each vortex in common to three edges, thus the following equations are valid:

% = 5p -+ 6h (5.3)

3v =5p+ 6h (5.4)
On inserting e and v in Fuler’s rule the following relation is obtained:

5p+ 6h  5p + 6h

5e + 6e + 3 5

+2 (5.5)

or simplified:

p=12 (5.6)

Concluding, a closed cage structure of pentagons and hexagons must consist of twelve
pentagons, the number of hexagons is arbitrary. If in addition it is required that no neigh-
bouring pentagons occur® (isolated pentagon rule) the smallest closed-cage structure is a
truncated icosahedron having 20 hexagons. This structure has according to Euler’s rule
60 vortices and 90 edges, and is identical to the Cgy fullerene (see fig. 5.2).

By adding an additional hexagon to the structure the condition that three edges have
one common vortex must be respected. This results in the addition of 2 carbon atoms
per added hexagon? and is the reason for the occurrence of only even numbered members
of the fullerenes. Note that the pentagons are required to curve the surface.’

By optimization of the conditions during the graphite vaporization process (mainly
the helium pressure used to generate the supersonic gas jet to extract the fullerenes)
Kroto, Curl and Smalley could influence the ratio of the different fullerenes detected in
the mass spectrometer. The most abundant fullerene was Cgy. With smaller abundance
Cro, Cgy4, C76 and Crg were observed.

In the late 80’s astrophysicist W. Krdtschmer (Max-Planck-Institute for nuclear physics
in Heidelberg, Germany) was working on an explanation of interstellar absorption by
carbon soot particles. He measured absorption spectra from carbon soot generated in
laboratory using an arc. A high voltage applied to two electrodes shaped as graphite rods
in a vacuum chamber generates an arc. A helium pressure of some mbar ascertains good
thermal contact due to the large heat capacity of helium. After production the carbon
soot particles condense at the wall of the chamber.

IR and UV-vis spectra from the soot prepared in 130 mbar He showed four character-
istic absorption lines, which are evidence of a highly symmetric structure. A comparison
has brought up the result that these four lines are the predicted IR modes of Cgy. The
advantage of Kratschmer’s preparation method [5.4] is the facile synthesis of macroscopic

3This yields a higher symmetry and — for chemical reasons — a higher stability since the sp?/sp®
coordination of the carbon atoms favours six-membered rings.

4Pentagons cannot be added due to Euler’s rule.

5The theoretical claim for negatively curved carbon atom surfaces by introduction of carbon heptagons
into a graphitic (hexagon) sheet has not yet been proved experimentally.
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amounts of fullerenes. The fullerene solid can be dissolved in toluene or benzene yielding
a red solution. Non-fullerene fractions of the soot are not dissolved and can be removed
by filtering. The dissolved fullerene mixture is purified by chromatography using an
Al,O3 column.

The predicted single '*C NMR line was found soon by Taylor et al. [5.5] using a
benzene solution of Cgy. The narrowness of the '3C NMR line of Cgy was interpreted
as a very fast rotation of the Cgyp molecule on the NMR time scale (rotation frequency:
~ 10'° Hz). The broadening of the '>C NMR line with decreasing temperature implies
the freezing of this rotation. This effect is studied in the work by Yannoni et al. [5.6] in
the temperature range between 295 and 77 K.

The electronic structure of the molecule was determined using Hiickel calculations

Figure 5.2: Stereographic view of the Cg fullerene molecule.

by Haddon et al. in 1986 [5.7]. The result is shown in fig. 5.3.

The carbon atoms in the Cgy molecule show hybridization similar to diamond and
graphite. The sp”~hybridized orbitals seem to be closer to the graphitic case (sp?) than
to the diamond case (sp®). Three hybridized orbitals constitute the bonds between carbon
atoms and a fourth orbital (p,) is standing perpendicular on the fullerene ball surface.
A computer simulation of the electron distribution of a Cgy molecule at 1000 K is shown
in fig. 5.4.° Only the bonds between carbon atoms are shown.

The transition from the energy levels of the Cgq molecule to the Cgo solid is shown
in fig. 5.5 and discussed by Saito et al. [5.8]. Solid Cgy shows a band-gap between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of about 1.5 eV making the solid to an insulator or a semiconductor with a large
band-gap.

SPhoto by J. Bernholc et al., North Carolina State University / Science Photo Library, published in
Physics world, April 1992 issue, p.1)



5.1. INTRODUCTION 175

A p=2

—H
H ?ﬂ: hll *
hh' (L]

L-J
i

Energy [{]
-

] £ ] L=

I g.‘l-l'lI -]
4, i "
: 'h 3 -l L=
" ¥ i
ER 1-..'— 3 L=1
Pt 1 L=3

Figure 5.3: LEFT: Hiickel molecular orbital calculation after Haddon et al. [5.7]. The
bold lines represent occupied states. The length of the lines is a measure for the number
of electrons present (shown on the right). The angular momentum quantum numbers L
are indicated. The thin lines represent unoccupied states. The degeneracy is indicated
in parentheses. The states are labelled on the left side.

Figure 5.4: RIGHT: w—orbital skeleton of the fullerene Cgq molecule. Computer sim-
ulation of the electron distribution at 1000 K by J. Bernholc et al.
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Figure 5.5: (a) Electronic energy levels of an isolated Cgy molecule and the energy bands
of solid fee Cgo (b). The valence-band top at the X point is defined as the zero energy.
The optically allowed transitions with excitation energies less than 6 eV are indicated by
arrows. Figure and figure caption by Saito et al. [5.8].
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The Cgp solid has been found to form under ambient conditions a face-centred cubic
lattice with a lattice constant of 1.416 nm. The densest lattice plane is the (111) plane
with a nearest-neighbour distance of 1 nm (see fig. 5.6). Bulk structure refinement has
been performed using X-ray diffraction (XRD) [5.9, 5.10], neutron scattering [5.11] and
electron diffraction [5.4].

Figure 5.6: Cgo(111) plane exhibiting the densest packing of Cgy molecules.

Growth of fullerene single crystals [5.12] and highly-ordered thin-film samples by sub-
limation permits more detailed investigations of the structural properties of fullerenes.
Local imaging methods such as TEM [5.13, 5.14] and STM [5.15]-[5.18] allow a more
detailed understanding of the local structure and morphology of bulk and surface, re-
spectively. STM has been successfully applied to image surfaces of thin fullerene films
obtained by sublimation of fullerene powders onto conductive substrates [5.15, 5.16]. The
characterization of thin fullerene films on different substrates is discussed in the following
sections.
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5.2 Fullerene films on HOPG and Pt substrates

5.2.1 Film casting

Due to the insulator bulk properties of Cgo it is necessary to grow thin fullerene films
in order to be able to do experiments with a STM. As direct and inverse photoemission
experiments show [5.17], at a coverage of 1-2 monolayers of Cgy on Ag(110)” the HOMO
and LUMO are observed to shift towards Er by 0.2 eV respectively by 0.9 eV. The first
monolayer of Cgy behaves metallically.

A very easy method to prepare thin fullerene films is film casting. In this procedure
Ceo powder is dissolved in a solvent — toluene or benzene — and a drop of the solution
is being put onto a substrate and allowed to dry slowly. Figure 5.7 shows an optical
micrograph of such a sample obtained from a Cgy solution in toluene and applied on a
glass substrate. Here — similar to the results obtained by Kratschmer et al. [5.4] — even
some fullerene crystals appeared. By adding more solvent it is possible to grow very thin
films on conductive substrates as will be discussed in the following.
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Figure 5.7: Tiny fullerene crystals grown by allowing to dry a drop of Cgg solution in
toluene on a glass substrate.

5.2.2 Fullerene films on HOPG

HOPG is a substrate with structural properties very similar to fullerenes due to the
six-membered carbon ring structure. Since HOPG is conductive it is a good choice as
a substrate for STM investigations. Unfortunately, the high electric field caused by the
STM tip and/or the similar chemical natures of HOPG and fullerenes make HOPG an

"This is valid for gold substrates, too.
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inappropriate substrate for Cgy. The fullerene molecules preferentially stick to graphite
steps and lead to a distortion of the electronic structure of HOPG. Figure 5.8 depicts an
example of the phenomenon: a fullerene molecule ’F’ on a graphite plane G’ induces
changes of the in-plane lattice constant of more than 80 percent. The undisturbed HOPG
lattice with a nearest-neighbour distance of 0.25 nm is imaged close to the label 'G’.

Figure 5.8: A fullerene molecule ’F’ on graphite G’ leads to electronic distortions of

the atomic lattice of HOPG (STM image).

5.2.3 Fullerene films on polycrystalline platinum

Due to the inadequacy of graphite substrates other materials had to be tested. Various
substrates were used to support the Cgy for STM investigations such as polished Si(100)
and GaAs(100) wafers, optically polished and ultrasonically cleaned gold, silver, palla-
dium, rhodium and platinum foils. Si(100) and GaAs(100) were also coated with a 2
nm thick Pt-C layer by electron-beam evaporation to provide surfaces appropriate for
STM experiments in air. Among the different substrates used, platinum was found to
stabilize the fullerene molecules best, whereas considerable mobility of the Cgy molecules
was observed on the other substrates. Therefore the focus is on the STM results obtained
from Cgp films deposited on platinum foils [5.19].

5.2.3.1 Experimental

Polycrystalline Cg starting material was produced according to the Kratschmer method
by A. Zahab and P. Bernier®. The Cgy powder, purified by soxhlet extraction with toluene,
was dissolved in toluene and deposited by film casting on a polycrystalline Pt substrate
for the images presented in this section. The scanning tunneling microscope was operated
at room temperature in air. Various mechanically prepared Ptgolrio tips were used on
each sample to exclude tip-geometry induced artifacts. All images are recorded in the

8G.D.P.C.-U.S.T.L., Montpellier (France)
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constant current mode and therefore give height information.

5.2.3.2 STMresults

Ceo films on platinum exhibit quite a flat surface for STM experiments. Fig. 5.9 shows
molecularly flat terraces of Cgy molecules separated by a monomolecular step. The step
height is about 0.5 + 0.1 nm.

Figure 5.9: Constant current STM image of a Cg thin film on a platinum foil showing
a monomolecular step of Cgo. Tunneling current I; = 0.4 nA, sample bias voltage Ug =

-8 mV.

Larger magnifications of the film sample show individual Cgy molecules with an appar-
ent average diameter of about 0.8 nm, in agreement with structural models. In contrast
to the other substrates used for Cgy molecules, platinum enables stable imaging of the
Cgo molecules by STM. Fig. 5.10 shows individual ball-shaped molecules with apparent
corrugations of 0.4 to 0.7 nm. The figure also reveals distinct internal features of the
buckminster fullerene molecules. Each molecule exhibits about 10 smaller spherical fea-
tures of about 0.1 nm diameter and about 0.05 nm apparent corrugation. It is not yet
clear whether these features may be attributed to the carbon atoms of the Cgp icosa-
hedron (see also fig. 5.12 for comparison) or to other features such as bonds or rings.
Submolecular features of the Cgy molecules have been observed on several Cgg films on
platinum with different tips in both imaging modes of the scanning tunneling microscope
(topographic constant current mode and constant height mode). The submolecular fea-
tures are basically independent of scanning speed, sample bias voltage (within a range of
~50 mV) and tunneling current (typically below 2 nA). Since different Cgy molecules show
different geometrical arrangements of the submolecular features, imaging of tip geometry
can be ruled out. Furthermore, submolecular features of Cgy molecules are favourably
observed on randomly arranged, isolated Cgy molecules. Therefore instrumental artifacts
are considered unlikely as an explanation for these features.
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Figure 5.10: Constant current STM images showing in greater detail the individual ball-
like molecules (apparent corrugations ~0.6 nm) with intramolecular features (apparent
corrugations ca. 0.05 nm). Tunneling current I; = 1.6 nA, sample bias voltage U; = —

17 mV.

Figure 5.11: Wire frame model in different orientations (a) — (d) for comparison with
the STM images of fullerene molecules.

Figure 5.12: Van-der-Waals radii model showing the Cgy molecule.
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An analysis of the STM images by means of a comparison with the structural model
gives in most of the cases consistent results concerning identification of feature positions
with carbon atom sites in the Cgyp molecule (see fig. 5.11 for a comparison with a wire
frame model of Cgp). A van-der-Waals radii representation of Cgp is shown in fig. 5.12.
STM studies by Chen et al. [5.21, 5.22] have shown similar internal features of Cgo
molecules deposited on gold.

Previous studies have shown that Cgy molecules exhibit a high reactivity with cat-
alytic PtY in a (Ph3P),Pt(n® — Cgo) - C4HgO complex along the so-called 6:6 bonds, the
common bonds between two hexagon faces [5.11]. This might possibly be an explanation
of the observed immobilization of the Cgy; molecules on the platinum foil. It can also
happen that a Cgy molecule is picked up by the Pt-Ir STM tip and gets immobilized
there. In this case, the internal features of the Cgy molecule as seen in the STM images
would have to be attributed to the Cgy molecule bonded to the tip.

In summary, it turned out from a comparison of several substrates that platinum is clearly
a favorable choice to immobilize the fullerenes for STM investigations.

Further theoretical work, especially concerning the Pt’ — Cg, interaction, has to be done
to understand this issue better.

A better-defined approach to ultrathin fullerene films on single-crystalline substrates
is the sublimation process. The Cg solid (fullerite) does not undergo a melting transition
on heating, but sublimes, i.e. the solid phase directly transforms to a vapour phase. The
sublimation process’ may also be used to grow small fullerene crystals, as demonstrated
by the AFM image in fig. 5.13.'°

F"

Figure 5.13: AFM image of sublimed Cg crystals. The sample is non-conductive.

9Fullerenes only need to be heated in a vacuum to sublime. The molecules can be condensed on a
substrate kept at a lower temperature than that used for sublimation to prepare a fullerene thin film.
10Sample by P. Haussler/HOECHST AG, Frankfurt (Germany).
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5.3 Fullerene films on monocrystalline Au substrates

This section is devoted to STM investigations of fullerene thin films on Au(111) substrates
on a mica support. This type of substrate allows epitaxial growth of the fullerene layer
and is ideal to study basic types of defects in the films under ambient conditions.

5.3.1 Experimental
5.3.1.1 Sample sources

Two sources of Cgp/70 mixtures have been used. They have been prepared independently
in private!! and commercial laboratories'? by a technique similar to those described by
Krétschmer et al. [5.4]. The mixtures from these two sources are defined as mixture
1 (Montpellier) and 2 (MER). Pure (99.999 %) Csy and almost pure Cry (93 %), used
as a control, has been obtained from a private laboratory.!® It was extracted from the
fullerene soot by the soxhlet method using xylene under exclusion of air and separated
from the higher fullerenes by column-chromatography (using hexane/xylene and modified
Al,Oj3 as stationary phase). The purity has been characterized by quantitative UV-VIS
photometry (using standard addition for quantification). This analysis detects traces of
Cro and higher fullerenes in Cgp, but yields only about 90 % purity of higher fullerenes
due to band overlaps. By High Pressure Liquid Chromatography (HPLC) no traces of
C7o have been found in the pure Cgy. The Cry control has been supplied by the same
group. By HPLC, the C;, powder has been found to contain 6 - 8 % Cg.

5.3.1.2 Preparation of Au(111) films on mica

Epitaxial Au(111) films on mica are prepared by two different evaporation methods. The
first method involves thermal evaporation in a high vacuum chamber (107 Pa). To
improve the adherence of the Au film, an approximately 1 nm thick Cr buffer-layer is
evaporated onto a freshly cleaved mica substrate prior to the deposition of the 100 nm
thick Au film. The deposition rate for the Au film is 0.5 nm/s. The Au film is then
carefully heated in a butane-propane flame of a micro-torch until it turns red. Quenching
the hot Au film in ultrapure H,O (Millipore) results in a clean, flat (111)-oriented Au
film. The widths of the (111) terraces are a few hundred nanometres as determined by
STM.

The second method involves evaporation of Au from a resistively heated graphite cru-
cible in a high vacuum (10~* Pa) directly onto a mica substrate that has been cleaved
in vacuum. Careful thermal shielding avoids the exposure of the substrate to the hot

1P, Bernier and A. Zahab, G.D.P.C.-U.S.T.L. F-34095 Montpellier Cedex 05, France.

2Materials and Electrochemical Research (MER) Corp., 7960 South Kolb Road, Tucson, Arizona
85706, U.S.A.

13H. Werner and R. Schlégl, J.W. Goethe University, Institute of Inorganic Chemistry, Niederurseler
Hang, W-6000 Frankfurt 50, Germany.
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graphite crucible. A gold film thickness of 40 nm results from a deposition rate of 0.04
nm/s and a substrate temperature of 300°C. Both methods yield clean Au(111) sub-
strates of similar quality for subsequent STM studies.

5.3.1.3 Fullerene film preparation

Thin fullerene films are prepared by sublimation of fullerene powder mixtures onto thin
Au(111) substrate layers on mica. A sublimation apparatus with two chambers (sub-
strate heating stage and fullerene heating chamber) is used. A schematic drawing of the
sublimation apparatus is shown in fig. 5.14.

Electronic Control Unit ‘ Electronic Control Unit
Vacuum
System
2 Healing System of the
3 Fumacsa

5 M2 Substrate Cooling
T System
=T v
8 Heating Filament of the
Substrate

Figure 5.14: Schematic setup of the sublimation vessel with a movable substrate stage
(LEFT) and the setup for temperature control (RIGHT). (1) External furnace, (2) subli-
mation chamber, (3) inner tube, (4) copper block substrate stage, (5) Au(111) substrate
on mica, (6) chromel-alumel thermocouple for measuring Tsupstr, (7) fullerene powder,
(8) chromel-alumel thermocouple for Tiu. The sublimation distance d is indicated by
arrows.

The sublimation vessel consists of a chamber (2) containing the fullerene powder (7)
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and of a tube (3) with the Au(111)/mica substrate (5). The substrate is mounted with
silver paint on a copper block (4) at the tube’s end. The chamber and the tube can be
maintained at different temperatures to an accuracy of 1-2 °C. The chamber is evacuated
by means of a diffusion pump system to a pressure of 103 Pa prior to film preparation.
The substrate is preheated to the deposition temperature (ZTsupsir) by @ resistance heating
system to ensure a defined substrate temperature during the whole sublimation process.
The process is started by placing the vessel in an external furnace (1). Its temperature
(Tsupt) is monitored by a chromel-alumel thermocouple (8). A cooling system using ni-
trogen gas flow maintains Ts,psr being measured by a chromel-alumel thermocouple (6).
The sublimation distance d (distance between the fullerene powder and the Au(111)/mica
substrate) is indicated in fig. 5.14. After the process of sublimation the vessel is removed
from the external furnace, cooled down to room temperature and taken into an argon-
filled glove box. In this glove box the gold-supported fullerene film is removed from the
copper plate for STM investigations. Typical parameters used for preparation of thin
fullerene films are Ty, = 350 — 370°C and Tyupser = 220 — 230°C for a heating time
th = 30 — 40 min (at a sublimation distance of d = 2.9 cm between fullerene powder
and Au(111) substrate). The different possibilities to change the deposition conditions
(sublimation and substrate temperatures) and the sublimation distance are schematically
shown in fig. 5.14 on the right.

Further experiments have been performed using a sublimation vessel with a movable
substrate stage for the variation of d in the range of 3 to 15 cm. A vessel with a similar
geometry but with a fixed substrate stage (at d = 3.0 cm) was employed for the variation
of Tsyupstr in the range of 200 to 275 °C. In both experiments T, was kept at a constant
value of 360 °C.

5.3.1.4 Thermogravimetric and differential thermal analyses

In order to study the sublimation process in more detail, fullerene powder has been
subjected to an investigation in a combined thermogravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA) apparatus (Mettler TA-1). With this apparatus, weight
losses of a sample on heating, and thermal phase transitions can be recorded simulta-
neously as a function of temperature. The sample crucible containing a small amount
of fullerene powder (40 mg of Cgy/79 mixture 2) and a reference crucible containing fine
grained Al,Oj is heated to 600°C at a rate of 4 K/min. The weight loss (TGA) and
the temperature difference with respect to the reference crucible (DTA) are measured
simultaneously as the temperature is ramped up from room temperature to 600°C. The
measurements have been performed both under flowing Ar gas and at a pressure of 5 Pa.

5.3.1.5 UV--VIS Spectroscopy

The absorption of light in the range of wavelengths from 200-600 nm is measured for
n-hexane solutions of pure Cgy, pure Crp, and mixtures 1 and 2 of Cgy and C7g. The
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concentration of solutions is chosen for complete solubility of the powders (0.5 mg / 10
ml). A two-beam optical spectrophotometer (Uvikon 810) and n-hexane reference are
used.

5.3.1.6 High pressure liquid chromatography

High pressure liquid chromatography (HPLC) has been performed on hexane solutions
of pure Cgp, pure Crg, and mixtures 1 and 2. The Cgy and Cry samples are prepared
as saturated solutions. An analytical HPLC column, 4.6 x 250 mm i.d., packed with
a covalently bound chiral dinitrobenzamide phenylglycine stationary support, is used to
achieve efficient separation of the two fullerenes [5.23, 5.24]. The column is eluted with
n-hexane (HPLC grade) at a flow of 1 ml / min. Spectroscopic (UV) detection is per-
formed at 280 nm. Retention times for the two fullerenes under these elution conditions
are 11.6 min for Cgp and 20.6 min for Crg.

HPLC? (hexane solutions) '3C NMRP (solid state) STMC (film)
Mixture 1 23.3 % (19.4 %) 95.020.2 % 15.3+2.1 %
Mixture 2 21.9 % (18.2 %) —d 16.6+3.7 %

@ Determined directly from peak integration (without correction). Number in paren-
theses corrected for relative molar absorptivities of C7y and Cgo, €(C70)/e(Cgo) = 1.2
at 280 nm [5.23].

ba. Zahab, Ph. D. Thesis, Univ. Montpellier.

¢ Determined by counting C7g molecules in the STM images averaged over several STM
images acquired from 5 different regions of the sample. Uncertainty calculated by stan-
dard deviation.

d not available.

Table 5.1: Determination of the C7y content of different fullerene mixtures.

5.3.1.7 13C Nuclear magnetic resonance

Solid state '*C nuclear magnetic resonance (NMR) has been used with mixture 1 to
determine the C7y/Cro ratio in the fullerene powder prior to sublimation [5.20]. The
NMR samples are comprised of 50 mg of the fullerene mixture in the form of powders.
The '*C NMR measurements have been performed using a CXB200 Bruker spectrometer,
operating at 50.3 MHz and at room temperature. Magic angle spinning has been used
to increase the resolution of the spectra. Pulsing sequences have been optimized to take
into account the relaxation times of the fullerenes. The width of the '*C line at 143.6
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ppm (relative to tetramethylsilane) corresponding to the Cgo molecules is typically on
the order of 3 — 5 Hz wide. For the C;; molecules, the five inequivalent carbon sites yield
five NMR lines which are collectively integrated to give the C7y content. Comparison of
this collective integration of the five C7y peaks with the integration of the single Cgo peak
provides the Cro/Cgo ratio data in Table 5.1.

5.3.1.8 Scanning tunneling microscopy

Scanning tunneling microscopy (STM) is performed in air at room temperature using a
commercially available instrument (Nanoscope II). Several mechanically prepared Ptgolrig
tips have been used on every sample to avoid tip-geometry induced artifacts in the im-
ages. Applied tunneling currents lie between 0.5 and 1 nA, and tip bias voltages are
in the range of 100 - 500 mV. All images are recorded in the constant current mode
and therefore give topographic height information, which is encoded to a grey-scale (a
brighter grey-value in the STM image corresponds to higher features).

5.3.2 Results
5.3.2.1 Study of the sublimation process

Simultaneous thermogravimetric and differential thermal analyses (TGA/DTA) have
been used to investigate the sublimation process for a mixture of Cgyp and C7o in order
to determine optimum sublimation temperatures. The commercial Cgp/79 source (mix-
ture 2) has been used for this experiment. Figure 5.15 shows the TGA and DTA curves
obtained at two different pressures: (a) in an argon gas flow (10° Pa) and (b) under a
moderate vacuum (5 Pa). Both data sets are corrected to a baseline linear with temper-
ature (Archimedian buoyancy effects, thermal drift). Mass losses observed in the TGA
signal due to sublimation can be correlated to endotherms in the DTA curve. Fig. 5.15a
shows that in a Ar gas flow, considerable sublimation occurs between 300 and 600°C.
Fig. 5.15b shows TGA/DTA curves obtained at a pressure of 5 Pa. Although mass
loss proceeds similarly to the measurement in flowing argon (fig. 5.15a), endothermal
processes occur in two distinct stages, 200 to 450°C and 450 to 600°C. This two-step
process might be related to sublimation and combustion of the fullerenes. The stage at a
lower temperature should be basically split up into two steps since two different energies
exist to sublime Cgy and Cro. An observation of different sublimation yields of Cgy and
Cro has already been reported in literature [5.4]. A different explanation for the first step
of weight loss might be the desorption of impurities (e.g. co-crystallized solvents, oxygen
or nitrogen) from the Cgy material. Such desorption processes have been observed by
mass-spectroscopy to occur in the temperature range of the first weight loss [5.25]. The
temperatures chosen for the thin film preparation (350-370°C) lie within the range of
endotherms (sublimation) observed in the DTA curves.
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Figure 5.15: Thermogravimetric analysis and differential thermal analysis curves (cor-
rected for a baseline linear with temperature). (a) Fullerene mixture 2 heated in an Ar
gas flow. The arrow marks the beginning of the sublimation process, indicated by a mass
loss and endothermal drop in the TGA and DTA signals, respectively. (b) Fullerene
mixture 2 heated in a moderate vacuum of 5 Pa. Mass loss and endothermal processes
occur in at least two steps (arrows).

5.3.2.2 UV-VIS spectroscopy of fullerene powder solutions

Qualitative information on the ratio of Cgg and Crq in fullerene mixtures in solution can
be obtained from optical absorption spectra [5.5],[5.26]-[5.28]. Figure 5.16 shows absorp-
tion spectra (wavelengths between 200 and 600 nm) of different fullerene solutions and
standards in n-hexane as measured by two-beam optical absorption spectroscopy (using
n-hexane as a reference). The fullerene solutions analyzed are pure Cgo (Fig. 5.16a),
‘pure’ C7o (Fig. 5.16b) and the two different Cgp 79 mixtures (mixtures 1 and 2, figs.
5.16c and 5.16d). Cgo in n-hexane exhibits four characteristic absorption peaks that
arise from interband transitions among the m orbitals [5.27]. One of these is a distinct
absorption feature in the range of 400 to 410 nm (see arrow in fig. 5.16a), whereas Cro
shows a characteristic absorption feature between 370 and 390 nm (see open arrow in fig.
5.16b). Both features are present in absorption spectra of solutions of fullerene mixtures
1 and 2 (arrows in figs. 5.16¢c and 5.16d), in addition to peaks common to both species.
Although figs. 5.16c and 5.16d confirm the presence of fullerene mixtures, no accurate
quantitative information concerning the C7y/Cg ratio can be obtained from these spectra.

5.3.2.3 High-pressure liquid chromatography

High pressure liquid chromatography (HPLC) has been used to determine the C7y/Cago
ratios in the mixed powders prior to sublimation. Analyses'* are performed on hexane

14The HPLC work has been done by M. Felder and C. Bolm, Organic Chemistry Institute, University
of Basel, St. Johanns-Ring 19, CH-4056 Basel (Switzerland).



188 CHAPTER 5. FULLERENES

solutions of thoroughly dissolved fullerene mixtures to assure analysis of total fullerene
content. In addition, HPLC analysis has been performed on samples of pure Cgy and
'pure’ Cyg, the latter of which was found to contain 6-8% Cgy in these HPLC measure-
ments.

The results of the HPLC measurements are compiled in Table 5.1. Values for the
percentage of C7g in the mixtures are reported both as a direct integration of peak area,
and corrected for differences in extinction coefficients of Cgy and C7y at 280 nm (by a
factor of 1.2 [5.23]). Both powder mixtures 1 and 2 contain roughly 1 : 4, Cz : Ceo.
Mixture 1 contains a slightly higher percentage of C7y than mixture 2.

Comparison of these Cro/Cg ratios in fullerene powders to those determined by STM
on sublimed fullerene films (section 5.3.5) provides an indication of the transfer ratio of
the two species in the sublimation process.
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Figure 5.16: Optical absorption spectra of fullerene solutions in n-hexane. Character-
istic features are marked by arrows. (a) pure Cep, (b) pure Cr, (c) Coo/70 mixture 1, (d)
Ceo/70 mixture 2.
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5.3.3 STM images of Au(111) substrates

Gold thin films in (111) orientation on mica exhibit by STM flat terraces of often triangu-
lar shape due to gliding planes generated by the rapid cooling in water during production
of the films. The terrace width may be as large as half a micron, but is often smaller.
Figure 5.17 shows STM images of quenched Au(111) films. The (111) orientation of the
films is evidenced by the XRD pattern in fig. 5.18.

3 o 100 nm

Figure 5.17: STM images of Au(111) surfaces with triangular terraces. Gliding planes
cause parallel steps ’s’ visible in the picture on the right.
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Figure 5.18: Cu K, XRD pattern of a Au(111) film on mica. Mica substrate peaks are
labelled 'm’.

5.3.4 Step structure of fullerene films

The surfaces of fullerene thin films on Au(111) substrates obtained by the sublimation
process described above have been imaged by scanning tunneling microscopy (STM).
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STM reveals that the Cgo/79 thin film samples consist of crystalline Cgp/70(111) do-

Figure 5.19: LEFT: Large scale view of a fullerene film on Au(111). The triangular
shape of the gold terraces is still clearly visible. RIGHT: More detailed view of the

fullerene terraces.

mains with a lateral extent of a few hundred nanometres, an area consistent with the
average size of the Au(111) terraces (see fig. 5.19). The observation of the hexagonal
Ceo/70(111) pattern over large areas suggests epitaxial growth of Cgo/70 on Au(111).
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Figure 5.20: (a) Terrace and step structure of a fullerene thin film on Au(111) prepared
from fullerene mixture 1. A scanline (between arrows) is displayed in (b). Step heights
observed are about 0.25 to 0.5 nm and correspond to single and double gold steps in the
Au[111] direction.
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Figure 5.20a shows a STM image of an area of 50 nm x 50 nm of the surface of a Cgg/70
thin film on Au(111) (fullerene mixture 1). The terrace and step structure in this image
is due to the terraced step structure of the Au(111) substrate as can be inferred from the
line section in fig. 5.20b. The step heights of about 0.25 to 0.5 nm correspond to a single
or double step height of gold in the Au[l111] direction (0.2355 nm). The edges of the
fullerene terraces can be resolved into individual molecules demonstrating the presence
of kinks (fig. 5.21).

The observation of steps with heights of single or multiple substrate steps instead
of fullerene step heights, and the fact that no STM images can be obtained from thick
fullerene films (not conductive) leads to the conclusion that the actual thickness of these
films is only 1-2 monolayers. As will be discussed later, films prepared with a slightly
reduced deposition time show coverages of less than one monolayer by STM.

Figure 5.21: Detailed view of fullerene terrace edges. The heights of the steps ’s’ are
identical to those of Au(111) monosteps.

5.3.5 Fullerene films of pure C(60) and mixtures C(60)/C(70)

Figure 5.22 shows three STM images of fullerene thin films differing in C; content. Fig.
5.22a displays the molecularly resolved surface of a fullerene film prepared from pure Cgq
starting material. The ball-shaped molecular units are interpreted to be Cgq molecules.
They have a uniform shape. The molecules form a pattern of hexagonal symmetry ((111)
face of the fcc lattice) with a nearest-neighbour-distance of 1 nm. The molecules have an
apparent diameter of 0.7 nm and show molecular corrugations (peak to peak) of about
0.2 nm. They appear smooth due to the fast rotation at room temperature.

However, films prepared from fullerene mixtures exhibit a molecular pattern of hexag-
onal symmetry consisting of two different kinds of molecules (figs. 5.22b and 5.22c):
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molecules having an apparent diameter of 0.7 nm and a corrugation (peak to peak) of
about 0.2 nm, and molecules having an apparent diameter of 0.8 nm and a corrugation
of 0.3 nm. The three images shown in fig. 5.22 are representative of a series of images
obtained from each sample. The molecules with a larger diameter and corrugation are
assigned to C7o molecules and the smaller ones to Cgyp molecules. The Cr7y/Cgo ratio has
been determined from the STM image by counting the numbers of smaller and larger
molecules.

Figure 5.22: STM images of thin fullerene films on Au(111) prepared by sublimation
from different fullerene powders. (a) pure Cgo. The ball-shaped features correspond to
Ceo molecules (apparent diameter: 0.7 nm) arranged in a hexagonal lattice (nearest-
neighbour-distance: 1 nm). (b) Cgo/70 mixture 1. The molecules appearing brighter in
the STM image have a larger corrugation than the Cgy molecules and are interpreted as
Cro molecules. (c) Cgp/70 mixture 2.

A three-dimensional rendition of a STM image of a mixed Cgy/7o film is shown in fig.
5.23a. Compare to the wire models of Cgy and Cry displayed in fig. 5.23b.

Figure 5.23: (a) Three-dimensional representation of an area of 15 x 15 nm? of the
surface of a Cgo/70 film on Au(111). The molecules appearing brighter are C7y molecules,
the darker ones are Cgp molecules. (b) Wire-models of Cgy and Cz, fullerene molecules.
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The prolate shape of the C; fullerene is clearly different from the purely spherical
shape of the Cgp fullerene. The longest axis of the Cyy fullerene is also the favoured
rotation axis. Thus it is not surprising that the Cyry fullerenes in the Cgy/7 film are
oriented with their longest axis perpendicular to the Au(111) surface.

Table 5.1 (p. 185) gives a summary of the results obtained from a statistical analysis
of STM images acquired from 5 regions of each sample. The results are to be compared
to those obtained by HPLC (see 5.3.1.6) in solutions of the unsublimed powders. In
both mixtures 1 and 2, the C;y content of the films is considerably lower than in the
corresponding powder prior to sublimation. Surprisingly, the HPLC results indicate a
slightly higher percentage of C7y in mixture 1 than in 2, whereas the STM results show
the reverse ordering. This is possibly due to the fact that the ratio determined by STM
is obtained from a very small area of the sample and the statistical uncertainty is of a
few percent. The observed differences between HPLC and STM ratio might be explained
by differences in sublimation rates of the two species. It is important to keep in mind
that the C7y/Cgo ratio in films depends on various preparation parameters, such as the
distance between fullerene powder and substrate in the sublimation apparatus and the
temperature-gradient applied. These issues are treated in the following sections.

5.3.6 Variation of sublimation parameters

As demonstrated above the quantitative evaluation of STM images of Cgy70 thin films by
counting Cro and Cgp molecules yields a local value of the Co/Cgo ratio. In the following
this ratio is studied as a function of sublimation distance and substrate temperature.'s
This values are compared to those determined by UV-VIS spectroscopy on dissolving the
fullerene films in n-hexane.

In most cases more than 20 images acquired from different areas of the film surface
were evaluated and the Cro/Cgo ratio determined. The values for the C7y/Cg ratios given
in this work represent the average values. The corresponding standard deviation of the
individual values is a measure for the error.

Cro content histograms for two films prepared at different substrate temperatures
(200°C and 275°C), but at the same sublimation distance (d = 3 cm) are shown in fig.
5.24. The abscissa is the C7g content and the ordinate is the number of occurrence of
a certain Cry content interval (2 percent). Typical STM images obtained from the two
samples are shown in fig. 5.25 in a three-dimensional rendition. It is obvious from the
image that the C7o content is larger in the film prepared at a higher substrate tempera-
ture.

The C7¢/Ceo ratio cannot only be determined from STM images by counting the
molecules, but also by integration of the brightness distribution. The brightness distri-
bution in a STM image is identical to the height distribution of the topography. Since

15The Cr/Cgo ratio of the sublimed powder was constant for each series of experiments: Cro/Cso
= 0.236 for the experiment of varying the sublimation distance and C7o/Cgo = 0.182 for variation of
substrate temperature.
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only C7o molecules provide the big height values it should be possible — in principle — to
obtain back the Cro/Cgp ratio from the height distribution (see fig. 5.26 for explanation).
The hollow sites of the Cgy matrix have to be considered, too. This method actually
works, but suffers from a large inaccuracy (C7o/Cso = 0.2 + 0.05). For that reason this
idea will no longer be pursued.
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Figure 5.24: LEFT: Cy content histogram for a Cgg/70 film prepared at 200°C. RIGHT:
Cro content histogram for a film grown at 275°C.

Figure 5.25: LEFT: 3D-STM image of a Cgg/7 film showing a small C7, content (Tsubstr
= 200°C). RIGHT: 3D-STM image of a film with a large C7¢ content (Tsypser = 275°C).

In order to test the method of determining the C7o/Csgo ratio by counting Cgo and
C7o molecules on STM images of the film surface and relate the result to UV-VIS spec-
troscopy data, fullerene thin films from pure Cgy and pure C7y have been prepared. The
sublimation conditions were as follows: Ty, = 360 °C, Tsuper = 225 °C, and d = 3 cm.

Figure 5.27 shows typical STM images obtained from such films. Figure 5.27a shows
the surface of a pure Cgy film consisting of ball-shaped molecules arranged in an array
with threefold symmetry (Cgo(111) face). A similar situation is encountered for a film
prepared from pure Cy7, (fig. 5.27b): Only one species of molecules is observed. C7o(111)
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faces do not seem to be as smooth as Cgo(111) faces. The reason for the poorer image
quality may be due to the prolate shape of Cr.
UV-VIS absorption spectroscopy is a reliable method to trace Cgo and Crg in solu-
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Figure 5.26: LEFT: STM topview image of a Cgo/7¢ film. RIGHT: The brightness
(height) distribution histogram is composed of three peaks attributed to Cgo, C7o (dashed
lines) and the hollow sites of the matrix (dash—dotted line). By integrating the three peak
areas a C7y/Cgo ratio may be determined in principle (C7y : Cgo = 0.240.05).

tions [5.26]. Due to the high symmetry of the Cgg and C7y molecules, the UV-VIS spectra
can be predicted very accurately [5.29, 5.30].

(continued on following page)
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Figure 5.27: (a) STM image of the surface of a fullerene thin film prepared from pure
Ceéo- (b) STM image of a thin film prepared from pure Cro. (c) Part of a UV-VIS
absorption spectrum of a n-hexane solution of the pure Cgo film shown in (a) with an
absorption feature close to 390 nm typical of Cgy (labeled by ’60’). (d) UV-VIS spectrum
of a n-hexane solution of the Cy, film shown in (b) with a characteristic absorption feature

close to 375 nm (labeled by ’70’).

The UV-VIS absorption spectra of n-hexane solutions obtained from Cgq and Crg
films show optical absorption features typical of Cgy (the feature close to A = 390 nm
is labeled with ’60’ in fig. 5.27c) and C7y (a peak close to A = 375 nm is marked with
70’ in fig. 5.27d). Although these features are comparatively weak they ensure an un-
ambiguous identification of Cgy and C7y. More intense absorption features in the range
of wavelengths between 200 and 350 nm cannot be used for a clear identification of the
two fullerene species because the peaks overlap (see also fig. 5.16c and d). These STM
images and UV-VIS spectra of pure Cgy and Cry are used as a reference standard for
the investigation of fullerene films prepared from mixtures of Cgy and Cry with varying
parameters for film growth like T and d.

5.3.7 Variation of sublimation distance

The separation of fullerenes by the sublimation of Cgy/70 powder in the temperature
gradient of a furnace is an effective method to obtain purified Cgq and C7y. This issue
was studied in a sublimation experiment by Cox et al. [5.31] using UV-VIS spectroscopy.
The C79/Cgo ratio of deposits obtained by the sublimation in a temperature gradient
(600 °C along 45 cm) was found to vary as a function of the sublimation distance. The
sublimates enriched in C7y are observed in the hot part of the sublimation tube (short
sublimation distance) whereas the deposits with a low C7y content are condensed at the
colder end of the tube (long sublimation distance).
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To study this issue on a molecular scale the effects of the substrate temperature Ty pqr
as well as of the sublimation distance d have to be considered.'® A calculation based on
vapour pressure data of Cgp and Crg [5.32, 5.33] has shown that the ratio of the vapour
pressures of Cgy and Crq is almost constant in the range of Tyupq, in question (200 -
275 °C) so that the C7y/Cgo ratio is not significantly affected by the different vapour
pressures of the two fullerene species.

Figure 5.28: Series of four STM topview images showing the dependence of the subli-
mation distance d on the Cry/Cgo ratio: (a) d = 3 cm, (b) d = 5 cm, (¢) d = 10 cm, (d)

d = 15 cm. The C;; content in the films decreases with increasing sublimation distance.

16These experiments have been performed by K.M. Heeger, summer student from St. Edmund Hall,
University of Oxford, OX14AR (Great Britain), during a stay at the Physics Institute at Basel University.
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The sublimation distance d was varied in the range of 3 to 15 cm with intermediate
values at 5 and 10 cm. The temperature homogeneity range in the sublimation vessel
is only provided up to a distance d of about 15 cm. Distances smaller than 3 cm are
excluded because of geometrical restrictions.

Figure 5.28 shows four STM topview images of fullerene thin films prepared at Tyyupqr
= 225 °C and Tyup = 360 °C from a Cgy/7o source with a Cro/Cgp ratio of 0.236 (HPLC).
The sublimation distance was increased from (a) 3 cm, (b) 5 cm, (¢) 10 cm to (d) 15 cm.
Counting the C7y and Cgy molecules yields a decrease of the C7y content with increasing
sublimation distance d. This issue is quantified in the graph shown in fig. 5.29b. The
error bars represent the standard deviation of the individual C7y/Cgo ratios (determined
by counting of molecules) from the average value. The same dependence of the C7q/Cso
ratio on d is observed by UV-VIS spectroscopy (fig. 5.29a). The intensity of the C7, peak
is diminishing with increasing sublimation distance (A’ to ’D’) whereas the Cg, feature
is growing.
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Figure 5.29: (a) UV-VIS spectra of the fullerene solutions in n-hexane obtained from
the films shown above. The labels 60’ and 70’ indicate the location of absorption
features typical of Cgo and Crg, respectively. The letters ’A’, ’B’, ’C’ and ’D’ refer to
the films prepared at d = 3 cm, 5 cm, 10 cm and 15 cm. The intensity of the feature
labeled "70’ decreases with increasing sublimation distance d implying a decrease of the
Cro content. The intensity of the feature labeled 60’ is increasing with d. (b) C7o/Ceo
ratios by counting the two species of molecules in STM images of films prepared at
different sublimation distances d. The diamond symbols represent the average of the
ratios determined from several images. The error bar is the standard deviation from the
average value.
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5.3.8 Variation of substrate temperature

The substrate temperature Ty 55 was varied in the range of 200 to 275 °C, in steps
of 25 °C. Lower substrate temperatures have been found to yield preferably disordered
films which could not be used for a clear determination of the C7/Cgy ratio using the
method of counting the molecules. Higher Ty, leads to an incomplete coverage of the
substrate surface due to the smaller sticking probability of the fullerene molecules at
elevated temperatures being comparable to T, .

Figure 5.30 shows four STM topview images of films prepared at d = 3 cm and T =

Figure 5.30: Series of four STM topview images showing the dependence of the substrate
temperature Ty, on the Cro/Coo ratio: (a) Tupstr = 200 °C, (b) Teupstr = 225 °C,
(¢) Tsubstr = 250 °C, (d) Tsupstr = 275 °C. The Cyzy content in the films increases with

increasing substrate temperature.

360 °C. A Cg/70 source was used with a Cr/Cgo ratio of 0.182 (determined by HPLC).
With increasing substrate temperature (images (a) 200 °C, (b) 225°C, (c) 250°C, (d)
275°C) the C7o/Cgp ratio is observed to increase. The same tendency is found in the UV-
VIS spectra of n-hexane solutions of the fullerene sublimates (fig. 5.31a). Figure 5.31b
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shows the dependence of the C7y/Cgo ratio on the substrate temperature as determined
by counting Cgy and C7y molecules imaged by STM.
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Figure 5.31: (a) UV-VIS spectra of the fullerene solutions in n-hexane obtained from
the films shown above. The labels 60’ and 70’ indicate absorption features typical of
Ceo and Cr, respectively. The letters 'E’, ’F’, °’G’ and "H’ identify the films prepared
at Touper = 200 °C, 225 °C, 250 °C and 275 °C. The intensity of the feature labeled
70’ increases with increasing substrate temperature Ts,ps implying an increase of the
Cro content. The intensity of the feature labeled 60’ is decreasing with Teypsir. (b)
Cr0/Ceo ratios by counting the two species of molecules in STM images of films prepared
at different substrate temperatures Tsyps-- The diamond symbols represent the average
of the ratios determined in several images. The error bar is the standard deviation from
the average value.

5.3.9 Dynamic processes

In fullerene films obtained from mixtures of Cgp and Crp, dynamic rearrangement pro-
cesses of the surface have been observed by monitoring the relative positions of the Cr
molecules in successively recorded STM images. The following STM images can also be
found in [5.34]-[5.36]. Figure 5.32 shows a set of 6 STM images (fig. 5.32a — 5.32f)
recorded at time intervals of 15 seconds. Position changes of individual C7y molecules
(indicated by small arrows) in the Cgo(111) host lattice can be easily pursued in figs.
5.32a - 5.32f. In particular, the rearrangement processes can be studied in the example
of a f’-shaped feature in the STM images (marked by an open arrow in fig. 5.32a). Such
rearrangement processes might possibly be induced by the high electric field (about 10°
V/m) present between tip and sample or by tip-molecule interactions.
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Figure 5.32: (a) - (f) STM images taken at intervals of 15 seconds. Dynamic rearrange-
ments can be monitored by observing the relative positions of C7y molecules in successive
images. Relative positions of particular C;y molecules in successive images are marked

by small arrows. Note the evolution of the ’f’ — shaped Cr, feature (indicated by an open
arrow) with time.

Figure 5.33: (a)-(e) Position changes of C7y molecules observed as a function of time.
Aquisition time for each image in this sequence: 15 s.
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On the other hand, thermally activated diffusion could be operative here. A further
example of movement of C7y molecules is shown in fig. 5.33. Note the movement of C
molecules in the upper left corner of the images. The time interval between successive
images is 15 seconds. The vacancy A’ in fig. 5.33a is occupied by a C7y molecule in fig.
5.33b. A C7p molecule at "B’ in fig. 5.33a is no longer on this lattice site in fig. 5.33b.
Probably it diffused to site ’C’, which was unoccupied before. Further C;; displacements
can be followed in fig. 5.33a-f.

5.3.10 Variation of coverage

Figure 5.34: (a) — (f) STM images of Cg films at different coverages (initial islands to
complete layer and growth of a second layer).

Figure 5.34 shows STM images of six Cg films prepared with different sublimation times,
and hence with different coverages. Films a-e (figs. 5.34a-e) show a coverage of less than
one monolayer (ML) of Cgo, whereas a second layer (arrow) is observed for film f (fig.
5.34f). The sublimation times and coverages (determined by counting the Cgy molecules
in the STM images) are shown in fig. 5.35. The substrate temperature during sublima-
tion is 220-230 °C.
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As can be seen in the STM images, the fullerene molecules can also condense at
seemingly random positions on flat Au(111) terraces. The nucleation of Cgy at step
edges has recently been investigated in detail under vacuum conditions by Altman et al.
[56.37]. The layer formation leading to the Cgo(111) face with a hexagonal symmetry is
observed (fig. 5.34a): a unit consisting of 5 molecules, although individual molecules are
also observed with a relatively strong bonding to the Au(111) substrate compared with
tip-molecule interaction.
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Figure 5.35: Preparation times and resulting coverage for submonolayer films. The line
is a linear least-square fit. The correlation coefficient is 0.94.

In films prepared from a Cgy/79 mixture similar islands are found to form. The Cro
molecules are randomly distributed in the Cgg layer (see fig. 5.36).

Figure 5.36: STM image of a Cgg 7o island. No preferential sites for the C7y molecules
are observed.



204 CHAPTER 5. FULLERENES

5.3.11 Lattice defects
5.3.11.1 Point defects

Surfaces of fullerene thin films exhibit a large number of defects such as vacancies and
boundaries. Fig. 5.37 and 5.38 show STM images demonstrating two types of lattice point
defects. Fig. 5.37a shows a perfect fcc Cgo(111) lattice with four vacancies (indicated
by arrows). The STM line section (between arrows) in fig. 5.37b shows that one Cgg
molecule in the row is suppressed or missing (arrow and label V7).
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Figure 5.37: STM images and line sections of a fullerene thin film having lattice point
defects. (a) Vacancies (indicated by arrows) in the fcc(111) face of a film prepared from
pure Cgo. The line section indicated by 2 arrows in (a) is displayed in (b). The vacancy
is marked by an arrow.

Figure 5.38 is a sequence of 6 STM images recorded at intervals of 15 seconds: a
vacancy (close to letter "V’ in fig. 5.38b) and an interstitial (in the centre of the black
circle in fig. 5.38b). Interstitials in a fcc lattice are in most cases split interstitials, i.e.
two molecules occupy a single regular lattice site. The long axis of a split interstitial is
parallel to <100>. Note that this interstitial is present and stable in the whole series
of STM images in fig. 5.38. A line section crossing the vacancy and the interstitial is
displayed in fig. 5.39. A schematic of a split interstitial is given in the same figure.
Again, the molecules appearing brighter are C7y molecules. Dynamic rearrangement of
C7o molecules is observed with time. A Cgy molecule close to the position marked with
1 in fig. 5.38a is replaced by a C7y molecule in fig. 5.38b. In fig. 5.38a and 5.38c, a Cr
molecule is observed close to position 2, whereas this lattice site is occupied by a Cgp in

fig. 5.38b.
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Figure 5.38: (a) — (f) Sequence of 6 STM images recorded at time intervals of 15 s
showing rearrangement of C7y molecules and vacancies (marked by 1,2 and 3). Two
types of lattice point defects are indicated in (b): a vacancy V and a split interstitial
(centre of the circle).
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Figure 5.39: Line section crossing the vacancy site V and the interstitial site I. Model
of a split interstitial in a fcc lattice. The (111) plane is highlighted.
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5.3.11.2 Boundaries

In fig. 5.40 a boundary (marked by an open arrow) between two domains of the Cgo(111)
face can be detected. Such boundaries occur when different layer stackings (ABC and
CBA) co-exist on a fcc(111) face and two differently stacked domains meet (see schematics
in fig. 5.41). The existence of such boundaries is a further evidence for the epitaxial
growth of Cgo/70 on Au(111), implying a well-defined growth relationship between Au(111)
and Cgo/70(111). The STM line section (fig. 5.40b) across this boundary displays a row
of Cgy molecules including some Cro molecules (having 0.3 nm corrugation instead of 0.1
nm of the Cgp molecules). The groove (open arrow) that represents the boundary appears
with a depth of 0.1 nm.

A further type of boundary is shown in fig. 5.42. The two domains shown in the image
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Figure 5.40: (a) A domain boundary in a Cgg/7o film (open arrow). A section (indicated
between arrows) is shown in (b). The boundary (open arrow) separates two fullerene
domains having different stacking order (ABC and CBA). Cry molecules show a larger
corrugation than Cgy molecules as can be seen in the line section.

Figure 5.41: Model for a stacking domain boundary. (A-layer: black, B-layer: dark
grey, C-layer: light grey).
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are separated by a twin boundary. The white lines indicate one of the <110> directions
in the two lattices. The acute angle between the lines is close to the value of 30 degrees
expected for a twin boundary. The occurrence of such boundaries is further evidence for
epitaxial growth of the fullerene layer.

Figure 5.42: Twin boundary in a Cgy thin film. The white lines in the detail image
indicate <110> directions of the two lattices.

5.3.12 C(70) films

Cro films can be prepared under similar conditions as Cgp films. On a large scale Cr
layers fully cover the gold substrate terraces (fig. 5.43 left). On a molecular scale the
hexagonal arrangement of molecules seemed to be often disturbed (fig. 5.43 right). This
might be in relation with the ellipsoidal shape of the C;y molecules. Their long axis may
be aligned perpendicular to the film’s surface (fig. 5.43 middle) or not (fig. 5.43 right).

Figure 5.43: Cy fullerene films. LEFT: Survey. MIDDLE: Ordered hexagonal array.
RIGHT: Disordered molecule array.
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5.3.13 Intramolecular contrast

In certain cases intramolecular features of individual Cgy molecules have been observed by
STM. Although it has been found by NMR in bulk samples that Cgy molecules rotate at a
high frequency at ambient temperatures [5.6, 5.38], in a film configuration immobilization
of the molecules on a substrate could impede such motion. Fig. 5.44 shows two STM im-
ages in which features within a Cgg molecule are resolved. STM evidence of intramolecular
contrast is reported in literature [5.21, 5.22]. Fig. 5.44a contains several such examples
(indicated by arrows). In fig. 5.44b an individual Cgy molecule close to a defect ("D’) in
the Cgo(111) lattice is singled out for its evidence of substructure (intramolecular contrast
'IC’). The symmetry of this substructure (one corrugation maximum surrounded by 6
others) is probably related to pentagon and hexagon ring features. The distance between
corrugation maxima matches well the distance between carbon rings. This symmetry
does not occur in the atomic lattice of the fullerene molecule supporting the interpreta-
tion of the corrugation maxima in terms of carbon ring centres. The observation that the
apparent topographic maxima appear in the centre of the hexagon or pentagon is possibly
due either to the actual local density of states of this particular molecule as influenced
by the lattice defect, or, alternatively, due to a tip inhomogeneity. The latter explana-
tion would be consistent with calculations that predict that the apparent topographic
maxima for HOPG can actually occur in the centre of the graphite hexagon depending
on the effective tip radius and the tip-to-sample distance [5.39]. Recent calculations by
Chavy et al. [5.40] predict similar structures of intramolecular STM-contrast of Cgo. The
structures observed here are identical to those observed by Behler et al. at 4.5 K [5.41].

Figure 5.44: STM images showing contrast within individual Cg, molecules. (a) Several
Ceo molecules (some of them indicated by arrows) show intramolecular contrast at spac-
ings of about 0.3 nm. (b) Individual Cgy molecule within the Cgo(111) surface showing
distinct intramolecular features. The observation of intramolecular contrast (IC) in this
particular Cgp molecule is possibly related to the lattice defect (D) in its vicinity.
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Figure 5.45 shows the observation of intramolecular contrast in almost every Cgp
molecule. This sample has been exposed to ambient air for several days. Reaction of
the fullerenes with molecules of the ambient (oxygen) might possibly have enabled the
observation of intramolecular contrast in this case.

Figure 5.45: Plenty of Cgy molecules in this STM image exhibit submolecular contrast.

5.3.14 Conclusion

Fullerene thin films on Au(111)/mica prepared under defined sublimation conditions
have been investigated by STM and UV-VIS spectroscopy in dependence on prepara-
tion parameters like the initial Cq/Cgo ratio, the sublimation distance, the substrate
temperature and the sublimation time. The sublimation process has been investigated
by combined TGA/DTA to facilitate the choice of sublimation temperatures. Optical
absorption spectra of solutions of the powders reveal absorption features characteristic
of Cgo and Cro. STM images with molecular resolution of fullerene thin films sublimed
from these mixtures show a hexagonal lattice (fcc(111) surface) consisting of two differ-
ent molecular species which are assigned to Cgy and C7o. By counting the two species
in STM images, a direct assessment of the C7,/Cg ratio in films is possible. Evaluation
of C7¢/Cgp ratios confirm the applicability of the sublimation method for fullerene sepa-
ration and purification of Cgy/7p mixtures even on a molecular scale. An increase of the
sublimation distance is found to lead to a decrease of the C7y/Cgp ratio, and an increase
of the substrate temperature causes an increase of the ratio. These changes in the Crq/
Ceo ratio are visualized on a molecular scale.

The hexagonal lattice occasionally exhibits defects such as vacancies and boundaries
in the STM images. Dynamic rearrangement processes have been observed by monitoring
the relative positions of C7y molecules in the Cgg host lattice. In films having a coverage
of less than one monolayer of Cgy molecules, nucleated Cgy molecules on free Au(111) ter-
races have been imaged. In some cases intramolecular features within the Cgy molecules
in the fcc(111) hexagonal pattern have been observed.
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5.4 Collapsed fullerite

5.4.1 Introduction

Despite of being a very stable chemical species fullerenes have been found to undergo
structural transformations into different carbon phases under high pressure. Recently,
it has been found that the simple-cubic (sc) to face-centred-cubic (fec) ordering transi-
tion temperature (7. ~ 250 K) of solid Cg increases with pressure and that the applied
pressure greatly reduces orientational fluctuations of the Cgy molecules in the ordered
low-temperature sc-phase [5.42, 5.43]. At room temperature, the fcc structure remains
the stable phase up to about 20 GPa [5.44]. Under extreme pressure conditions, several
transformations of solid Cgp into different structural states of carbon were reported (see
fig. 5.46 for a compilation), e.g. a transition above 20 GPa from solid Cgy into a more
insulating covalent solid [5.45], and a transformation at about 18 GPa of solid Cg into
hexagonal graphite under shock compression [5.46]. More recently, Moshary et al. [5.47]
have reported on an irreversible transition of solid Cgy to a new phase of carbon at pres-
sures in the 17-25 GPa range. Raman scattering of the depressurized sample showed no
trace of Cgp, diamond, or graphite, indicating that the transition involved the collapse of
Ceo molecules into a new structure of carbon. This collapsed fullerite (CF) phase was
proposed to represent a new amorphous structure different from amorphous graphite or
amorphous carbon [5.47].
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Figure 5.46: References for high pressure structural transformations of solid Cgy into
different forms of carbon.

Here, a scanning tunneling microscope (STM) has been used to locally transform Cg
molecules of a Cg fullerite thin film on Au(111) into a new amorphous form of carbon
by application of a pressure in the GPa range.
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5.4.2 Experimental procedure

The effect of pressure on solid Cg is usually studied by using a conventional diamond-
anvil cell. For surface-sensitive STM studies this experimental procedure would inherently
suffer from two major drawbacks:

¢ Residual small particles and contamination on the surface of the pressurized sample
originating from the cell walls can not be excluded.

e It is almost impossible to find the same surface area by STM before and after
pressurization of the sample ex-situ in a diamond-anvil cell.

Therefore, a novel experimental procedure is presented in which pressure is locally applied
in-situ on the multilayer Cgp film by means of the STM tip itself. This can be achieved by
increasing the tunnel current and decreasing the applied bias voltage, thereby increasing
the tip-sample interaction strength considerably. It has already been found in earlier
STM studies of graphite surfaces that even under 'normal’ operation conditions (tunnel
current of typically 1 nA, bias voltage of about 50 mV), a tip-sample interaction force as
high as 107° N is present [5.48, 5.49]. Since the force is distributed over a relatively small
area of typically 10°-10° Az, a local pressure on the order of 0.1-1 GPa is easily reached
[6.48]. By operating the STM under extreme tunneling conditions (tunnel current of sev-
eral ten nA, sample bias near 0 mV), a sufficiently large pressure can locally be exerted

on the multilayer Cgo film that leads to a collapse of the Cgg molecules underneath the
STM tip. A schematic of the procedure is shown in fig. 5.47.

1nA, 100mVY 40nA, 4mV 10nA, 4mV

Figure 5.47: Application of pressure under extreme tunneling conditions leads to col-
lapse of Cgg fullerite.
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Figure 5.48 shows the pressure effects related to ’extreme’ tunneling conditions in

more detail.

Mamin et al (Phys. Rev. B 34, 9015 {1988)):
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Figure 5.48: Effects of pressure application by ’extreme’ tunneling conditions.

5.4.3 Results

The STM tip excursion (z-level movement) during pressurization of the multilayer Cg
film has been recorded and is shown in fig. 5.49. As the tunnel current is increased from
1 nA to 40 nA at a sample bias voltage of close to 0 mV, the STM tip appears to move

into the direction of the sample by about 17 A.

z-level [Angstrams)
= = Ba
A s

£
L

Time [mim.]
Figure 5.49: STM tip excursion as a function of time during local pressurization of the
multilayer Cgp film. The data is corrected for thermal drift and sample tilt. The tunnel
current and the bias voltage at different times are indicated.
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Upon decreasing the tunnel current to the previous value of 1 nA, the STM tip does
not reach the initial z-level. The difference between the new z-level upon pressuriza-
tion and the previous z-level before pressurization (with the same tunneling parameters)
can be attributed to a collapse of Cgy molecules in the localized region between tip and
substrate. The z-level change amounts to about 10 A, suggesting that a two-layer thick
Ceo film has locally collapsed. Subsequent STM imaging of the pressurized region was
performed with a tunnel current of 10 nA and a sample bias voltage of -4 mV. When the
same pressurization procedure is applied on an uncoated Au(111) substrate, no damage
of the gold surface is observed.

In fig. 5.50a a typical STM topograph (200 A x 200 A) of a multilayer Cg film is
shown obtained with a constant t unnel current of 1 nA and a sample bias voltage of —100
mV. The protrusions (bright spots) in the image correspond to individual Cgy molecules
which are arranged in a triangular lattice with a lattice constant of 10 A in agreement
with literature values [5.15, 5.16, 5.21, 5.34].

In fig. 5.50b the same surface region (200 Ax 200 A) as in fig. 5.50a is presented
after local pressurization of the Cgp film. Obviously, Cgp molecules are no longer visible.
Instead, a step-and-terrace structure appears with a typical step-height value of about
(2.7 + 0.1) A. This value is significantly larger than the monatomic step-height value of
the Au(111) substrate (2.35A). Therefore, it is likely that the measured step-height value
rather corresponds to the thickness of an individual carbon layer. When zooming out
to an image area of 5000 A x 5000 A, the modified area was actually found to be 7-10°
A? in size (see fig. 5.51). Beyond this area, Cgy molecules are still observed providing
evidence for the local nature of the modification experiment.

Figure 5.50: (a) STM image of a Cgo thin film on Au(111) imaged at U; = 100 mV
and I, = 1 nA. (b) STM image of the same film after local pressurization (increase of
the tunneling current to 40 nA and decrease of the bias voltage to 4 mV). The fullerene
molecules are no longer observed.
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Figure 5.51: Large scale STM image showing the modified area (labelled ’A’).

A detailed view of the modified area by STM yields different atomic structures. In
some cases rather regular atomic arrangements are observed as shown in fig. 5.52.

Figure 5.52: Rather regular atomic structure observed after the modification experi-
ment.

In some experiments a disordered surface structure appears in the real-space images
as shown in fig. 5.53 with the bright spots having typical interatomic distances between
2.5 and 3 A. The lack of order is also reflected by the absence of sharp spots in the
corresponding 2D power spectrum (see fig. 5.54). Instead, ring-like features are visible
in this 2D power spectrum as typical for of amorphous structure.
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Figure 5.53: Three topographic atomic-resolution STM images of the collapsed fullerite
structure and 2D power spectrum of the third image. Time interval between subsequent
images is 15 s. The STM images reveal an amorphous structure. "V’ labels voids and ’c’
indicates chain structures. Note the dynamic rearrangement of atomic chain fragments
with time (probably induced by the scanning process).

Figure 5.54: 2D power spectrum of the amorphous structure shown above. No peaks,
but ring-like features typical of an amorphous structure are observed.
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5.4.4 Pair correlation function

Upon parameterization of the real-space STM image, a radial distribution function (pair
correlation function) has been derived using the procedure shown in fig. 5.55. The
parameterized data-set and the pair correlation function are presented in fig. 5.56.
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Figure 5.55: Flux diagram to determine a radial distribution function (pair correlation
function).

The pair correlation function has the characteristic appearance of an amorphous struc-
ture with a nearest-neighbour peak at about (2.7 + 0.1) A and a second-nearest-neighbour
peak at about (3.5 + 0.1) A. Please note that the probability to observe interatomic dis-
tances between the nearest-neighbour distance and the second-nearest-neighbour distance
is different from zero in contrast to crystalline structures. In order to demonstrate this
fact the pair correlation function of a data-set obtained from a regular (crystalline) atomic
arrangement is shown in fig. 5.57. These atomic positions are extracted from the STM
image of the fullerene layer before modification (fig. 5.50).

The STM data of the pressurized multilayer Cgo film is similar to earlier STM data
of amorphous carbon films [5.50]. This implies that the transformation observed locally
in real-space by means of STM corresponds closely to the transition of solid Cgy into an
amorphous carbon structure as proposed by Moshary et al. [5.47]. These authors con-
cluded that the new structure of carbon obtained by the collapse of solid Cgy is dissimilar
from diamond and graphite. The real-space STM data as well as the corresponding pair
correlation function yields a nearest-neighbour distance of (2.7 + 0.1) A which is close to
the second-nearest neighbour distance of 2.6 A obtained by local density approximation
(LDA) calculations [5.51] for the liquid state of carbon, but slightly larger than the inter-
atomic distance on the (111) surface of diamond (2.52 A), the distance between B-type
sites on the graphite (0001) basal plane (2.46 A), or the values for the second-nearest
neighbour distance (2.5 A) in amorphous carbon [5.52]. The nearest-neighbour-distances
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and the second-nearest-neighbour distances are compiled in fig. 5.58.
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Figure 5.56: LEFT: Parameterized data-set of the amorphous collapsed fullerite struc-
ture. RIGHT: Pair correlation function based on these atom positions. The observed
interatomic distances are classified with a resolution of 0.15 A and displayed in a his-
togram (filled dots). The curve is an approximation to the histogram data and serves as
a guide to the eye. The inset shows the 2D power spectrum of the STM data. The rings
correspond to the nearest-neighbour and second-nearest neighbour distances in the real

space image.
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Figure 5.57: LEFT: Parameterized atomic positions of the STM image of a fullerene
layer. RIGHT: Pair correlation function of this data. The nearest neighbour distance is

about 10 A.
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Figure 5.58: Nearest-neighbour and next-nearest neighbour distances for different al-

lotropes of carbon.

5.4.5 Angular distribution function

A different method to characterize order and disorder in a structure is the determination
of the angular distribution function. It displays the distribution of angles between vectors
of interatomic distances within a range of absolute interatomic distances, e.g. from zero
to the nearest-neighbour distance. The angle distribution function has been determined
using the procedure displayed in fig. 5.59.
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Figure 5.59: Flux diagram to evaluate the angle distribution function.
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The following example demonstrates the information extracted from an angle distri-
bution function when applied to a crystalline structure such as HOPG. Fig. 5.60 shows
a STM image of HOPG. Each atom has nearest neighbours in directions with an inter-
mediate angle of 0°, 60°, 120°, 180°, 240° and 300°. These values correspond to cosine
values of -1, -0.5, +0.5 and +1. The angular distribution function exactly shows peaks
at these cosine values (see fig. 5.61) and zero intensity between the peaks.

Figure 5.60: LEFT: STM image of a crystalline structure (HOPG). RIGHT: Possible
angles between directions of nearest neighbours.

1500

1000 +
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Figure 5.61: Angle distribution function of HOPG (using distances between 0 and 3 A
including the nearest-neighbour distance).

An amorphous structure, however, is expected to show only peaks at cosine values
equal to + 1 of the intermediate angle between directions of nearest-neighbour distances.
All other angles should be distributed randomly and give a non-vanishing, constant inten-
sity in the angle distribution function. This is actually the case if fig. 5.62 is considered.
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Figure 5.62: Angle distribution function of collapsed fullerite (distances between 0 and
3 A).

5.4.6 Bonding-type distribution

Several different amorphous and glassy states of carbon can be distinguished, e.g. by
their sp’-to-sp> bonding ratio. Additional corrugation between the atomic features in
fig. 5.63 suggests the presence of electronic density of states between the corrugation
maxima in certain directions. A statistical analysis of the nature of such ’in-plane-bonds’
shows that 50.2 % of the atomic features have an in-plane-bond to one other atom in
the plane, and 40.9 % exhibit in-plane-bonds to two other atoms provided that the cor-
rugation maxima can actually be interpreted as atomic sites. All other atoms show no
in-plane-bonds. The distribution of in-plane-bonds in the STM image might be related
to the actual hybridization type of bonding. Ab initio molecular dynamics [5.53] and
tight-binding molecular dynamics simulations [5.54] as well as '*C nuclear magnetic reso-
nance (NMR) experiments on amorphous carbon [5.55] give percentages of 1.5 - 12 % for
2-fold, 71 - 93.6 % for 3-fold and 4.9 - 22.5 % for 4-fold coordination of the carbon atoms.
Assumed that the three types of in-plane-bond patterns (see fig. 5.63) can be identified
with the three different coordination types of carbon, a carbon coordination number for
collapsed fullerite can be extracted from the STM data (fig. 5.53 and 5.63). Provided
the number of bonds of each atom equals the number of visible ’in-plane-bonds’ plus two
'invisible’ bonds (to the underlying atomic layer and in direction to the tip) and that
the corrugation maxima actually correspond to atomic sites, 50.2 % of the atoms would
be 3-fold coordinated (graphite-like sp? bonding), 40.9 % would be 4-fold coordinated
(diamond-like sp® bonding) and the remaining ones (8.9 %) would be 2-fold coordinated.
This results in an averaged coordination number of approximately 3.3. Figure 5.64 sum-
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marizes bonding-type distributions of collapsed fullerite and of amorphous carbon data
in literature.
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Figure 5.63: LEFT: STM image of collapsed fullerite. RIGHT: Bonding-types of
carbon and their suggested appearance in the STM image of collapsed fullerite.
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Figure 5.64: Compilation of bonding-type distribution of carbon in amorphous carbon
(simulations) and collapsed fullerite (derived from STM data).

5.4.7 Conclusion

In summary, it has been shown that a multilayer Cgy film can locally be transformed
into an amorphous carbon structure upon in-situ pressurization in a scanning tunnel-
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ing microscope by a collapse of Cgp molecules in the region between tip and substrate.
The amorphous structure obtained is locally different from diamond and graphite. From
the vertical tip movement during the transformation process, the local collapse of two
monolayers of Cgo is inferred. Based on atomically resolved STM-images of this ’col-
lapsed fullerite’ (CF) structure, a pair correlation function is presented characteristic of
an amorphous structure with a nearest-neighbour peak at 2.7 A. The two-dimensional
power spectrum of the real-space data exhibits no spots but rings, which are attributed
to first and second nearest-neighbour distances of the CF structure. An analysis of the
number of nearest-neighbours of each atomic feature shows that about 50 % of the atoms
have in-plane-bonds to one other atom, and 40 % have bonds to two other atoms.
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5.5 Doped/intercalated fullerenes

5.5.1 Introduction

Doping of Cgp films with alkali metals has been found to result in electrical conductivities
comparable to doped polyacetylene [5.56]. K3Cgo contains a superconducting phase with
a transition temperature T. of 18 K (onset) [5.57], which is rather high compared to a
T, of 0.55 K of the corresponding stage-1 potassium graphite intercalation compound
[6.58]. The room-temperature structure of K;3Cgo has been determined to be face-centred
cubic, but with a slightly enlarged lattice constant compared to the undoped material
[56.59] (see fig. 5.65). Superconductivity at higher temperatures was found in Rb-doped
(28 K) [5.60], and (Cs,Rb)-doped Cg (33 K) [5.61]. A monotonic increase of T, with the

fcc lattice parameter was confirmed for several alkali metal doped Cgy compounds [5.62].

Figure 5.65: The (111) surface of M3Cgy (M = alkali metal). Reproduced from Nature,
cover page of issue no. 6328, June 20, 1991.

The alkali-metal dopant atoms occupy two different sites in the fcc lattice of Cgp:
2 smaller tetrahedral sites (3.3 A) and 1 larger (3.7 A) octahedral site (see fig 5.66).
On larger doping level the compound M,Cg is body-centred-tetragonal (z=4) or body
centred cubic (z=6). Only the M3Cgy compound is superconducting.

Further fullerene compounds are reported to be superconductive (in chronological
order). A result obtained by Z. Iqbal et al [5.63] of a T. = 48 K in Rb, 7T, 2Cqo, however,
was later found to be due to a malfunction of the superconductive quantum interferometer
device (SQUID) magnetometer [5.64]. (K,T1)Cqo [5.65] and (Rb,T1)Csq [5.66] compounds
were observed to show solely the T, values of K5Cq (18 K) and Rb3Csy (28 K). A
proposal by R. Lal et al. [5.67] on possible T, enhancement in fulleride superconductors
by halogen doping has given rise to the synthesis of iodine-doped Cgy in Japan. A report
of a T, of 57 K for this compound [5.68] was later also found to be due to instrumental
artifacts and the claim of superconductivity was withdrawn [5.69]. Confirmed reports on
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superconductivity exist for NayMCgo (M=K,Rb; T, = 2.5 K) and A,CsCsy (A=Na,Li; T,
=12 K) [5.70, 5.71]. A.R. Kortan et al have found that CasCg is a superconductor below
8.4 K [5.72]. L.W. Song et al. have observed a diamagnetic magnetization anomaly in ICl-
Ceo below 65 K [5.73]. The compound Nas,,N,Cg shows a superconducting transition
at 12 K [5.74], (NH;),NayCsCqg is superconducting below 29.6 K [5.75]. In a Sn-doped
sample a Chinese group has observed a magnetization anomaly below 40 K [5.76].

Fullerene superconductors are BCS-type superconductors'” with a high density of
states near the Fermi level N(Ep) [5.62] which explains the high values of T..'® Since
T. (and therewith the phonon frequencies) depend on the atomic mass, isotope effect
is expected. It has been observed in '*C enriched Rb3Cgo samples [5.77, 5.78]. The
following table (5.2) summarizes the superconducting properties of K5Cg and Rb3Csq
granular samples (after Sparn et al. [5.79)):

Parameter Rb3Cqy  K3Cgo
T. (K) 29.6 19.3
H, (mT) 26 13

H., (T) 78 49

J. (10° Acm™?) 1.5 0.12
Coherence length &, (nm) 2-3 2.6-3.5
London penetration depth Ag (nm) 168-440 240-480
K = AO/&O 84 92

Table 5.2: Superconducting properties of alkali metal doped fullerenes.

In-situ doping experiments of Cgo films with Rb by T. Takahashi et al. [5.80] have
shown the gradual occurrence of states near the Fermi level showing a metallic behaviour
at Rb3Cgo. This metallic band results from a full charge transfer from the alkali metal
atom to the Cgo. It was observed by photoemission [5.81] and electron energy loss spec-
troscopy [5.82]. Since the states near the Fermi level originate from states localizes at
the Cgp it is to be expected that STM images of K- or Rb-doped fullerene samples will
exhibit a molecular structure very similar to that of undoped samples. In particular, it
it not possible to observe by STM the intercalated alkali metal atoms [5.83].

In the following only granular Rb3Cgo and KT1/RbTl-doped fullerene samples will be

discussed.

17BCS = Bardeen-Cooper-Schrieffer. These three physicists have suggested in the late fifties a the-
ory on superconductivity based on electron pair formation (Cooper pairs) using a phonon mediated
interaction. This theory is today the standard microscopic theory of superconductivity.

18k p T, o 1.14 (h/27) w, exp(-1/N(EF) x Up), w, is a typical phonon frequency (10'? Hz), N(Er) x
UO ~ 0.5.
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Figure 5.66: Different dopant levels of M, Cgo. Figure reproduced from A.F. Hebard,
Physics Today 45 (1992) 26.

Figure 5.67: TOP LEFT: Granular Cgy/79, TOP RIGHT: Granular Cgo. BOTTOM:

Ceo single crystals. Note the different ’grain size’ of the materials.
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5.5.2 Materials

The choice of fullerene source materials determines the superconducting properties to a
large extent. This is demonstrated using granular Cgg/7o (with approx. 20 % Cr), granu-
lar Cgo (Cro content below 0.05 %) and single crystals of Cgy (C7o content below 0.01 %)
as starting material for the doping with metallic rubidium in the ratio 1:3. Figure 5.67
shows optical micrographs of the fullerene materials. These fullerene source materials
and corresponding amounts of Rb in the molar ratio 1:3 are heated typically in a pure
argon atmosphere at 450 °C for 40 h (Rb3Cgp). The powders are sealed under vacuum
and characterized within the sealed glass tubes by D¢ SQUID magnetometry. The tem-
perature scans (Zero-Field-Cooled (ZFC) and Field-Cooled (FC) in a magnetic field of
10.6 Gauss) are shown in fig. 5.68. These DC SQUID data have been acquired by R.
Schauwecker'? [5.84].
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Figure 5.68: LEFT: Zero-field-cooled temperature scan of magnetization for gran-
ular Rb3Cg/70, granular Rb3Ceo and single crystalline Rb3Cgo. RIGHT: Field-cooled

temperature scan (10.6 Gauss). The magnetization increases with increasing grain size.

The SQUID signal decreases with decreasing grain size and the transition broadens.
This is in contrast to cuprate based superconductor epitaxial films which show a very
sharp transition. Geometrical size effects influence the superconducting properties of
granular fulleride superconductors to a large extent, since the penetration depth of the
magnetic field is comparable to the grain size. Grains being smaller or of a size comparable
to the penetration depth will not or only very little contribute to the magnetic signal
observed in a SQUID magnetometer. This explains the observed increase of magnetic
signal with grain size (see fig. 5.68).

5.5.3 STM results on granular Rb3C60

Granular material does not seem to be suitable for STM experiments since no flat sur-
face is present. At the time when these STM experiments were performed, only granular

19University of Ziirich (Switzerland).
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intercalated fullerenes were available. Pressing pellets at moderate pressure from Rb3Cg
powders under argon without exposure to air and moisture in a stainless-steel glove box
is the procedure pursued here to prepare comparatively flat samples. For the STM exper-
iments in the argon-filled glove box at room temperature, these pellets are mechanically
cleaved to remove any contaminations introduced to the surface layers during compaction.

Pressed pellets of Rb3Cgo (T = 27 K) exhibit by STM on a large scale a surface dom-
inated by grains of a size of a few hundred nanometres (see fig. 5.69). This granularity
is responsible for the low diamagnetic shielding observed in that sample. J.R. Clem and
V.G. Kogan [5.85] have calculated the effects of the finite grain size upon the tempera-
ture dependence of magnetization of a sample consisting of spherical grains. Grains with
sizes R that are comparable to the magnetic field penetration depth A(T—0) give only
small contributions (magnetic suppression factor P=0.2 for R/A(0) = 2) to the signal
observed in a magnetization experiment. A typical value for the magnetic field penetra-
tion depth A(T—0) in Rb5Cgo is 247 nm [5.79]. This often leads to an underestimation
of the superconducting volume fractions of doped fullerite superconductor powders if the
fraction is determined from zero-field-cooling magnetization experiments without grain
size corrections.

.

Figure 5.69: Large scale STM image of Rb3Cg showing grains with typical sizes of a

few hundred nanometres.

Molecularly resolved STM images of Rb3Cgp grains show ball-shaped features with
an apparent diameter of 0.7 nm. These features have to be attributed to individual Cgg
molecules. Different crystallographic faces are observed (see fig. 5.70). Figure 5.70a
shows the (111) face with a hexagonal arrangement of fullerene molecules with a nearest-
neighbour-distance of 1 nm. A schematic view of the (111) plane in the fcc lattice is
displayed in fig. 5.70b. Figure 5.70c shows an oblique lattice (¢ = 1 nm, b = 1.7 nm),
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which is interpreted as the fcc(311) face (see for comparison the schematic view of the

fec(311) plane in fig. 5.70d).

T ’
ol
el
Figure 5.70: Molecular resolution STM images of a Rb3Cg grain. (a) (111) facet with
a hexagonal arrangement of Cgy molecules. The nearest-neighbour-distance is about 1

nm, the apparent size of the molecules is 0.7 nm. The white triangle is the (111) mesh
unit. (b) Schematic view of the fcc(111) plane. (c) (311) facet showing an oblique Cgq
lattice (a = 1 nm, b = 1.7 nm). (d) Schematic view of the fcc(311) plane. The white
parallelogram is the (311) mesh unit.

5.5.4 STM results on KTI- and RbTI-doped C(60)

Polycrystalline Cgo/70 and the respective dopants ( KTl 5 and RbTl, 5) in the molar ratio
1:3 were heated in a pure argon atmosphere at 340 °C for 62 h ((KTl; 5)3Ceo) and 450
°C for 18 h ((RbTl 5)3Cs0). After pressing pellets STM investigations were performed
in argon environment. The synthesis of the KTl- and RbTl-codoped samples goes back
to previous results obtained from other doped materials such as graphite intercalation
compounds (GIC’s). Among the GIC’s with the highest critical temperatures to super-
conductivity T. are KTl 5C4 (2.7 K) and KTI, 5Cg (2.45 K) [5.86]. Cgo fullerites doped
with thallium-alkali metal alloys also show superconductivity [5.65, 5.66]. Their T.’s,
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however, coincide in most cases with those of the non-thallium-containing K- and Rb-
doped fullerites. Regarding the similar T.’s of the Tl-containing and non-Tl-containing
K- and Rb-fullerites, it is rather straightforward to assume that the Tl-metal has little or
no influence on superconductivity in these compounds. A recent report [5.87] has proved
the presence of metallic T1 in (RbT]; 5)3Cep. The STM images shown here support the
presence of Tl-metal in doped fullerites with the nominal composition (MTL 5)3Cso (M
= K, Rb).

AC-susceptibility as a function of temperature provides evidence for the presence of
. =

!5_

SUSCEPTIBILITY [A.U.]

Figure 5.71: Temperature-dependent AC susceptibility data for a (RbTl 5)3Csg powder
sample. T. (onset) is at 27.5 K. A second transition assigned to metallic thallium is
observed at 2.4 K.

metallic T1 in the samples. (KTl 5)3Cs0 (T. = 17.6 K) and (RbTL 5)3Ceo (T, = 27.5
K) exhibit at 2.4 K a second transition which coincides with the T. of metallic thal-
lium. The shielding fraction of the T1 indicates that approximately 90 % of the TI used
for preparation of the (RbTl; 5);Cgo sample contributes to the diamagnetic signal. Fig-
ure 5.71 shows the temperature dependence of the AC-susceptibility at v = 107 Hz of
(RbTI, 5)3Ceo powder sample (data by M. Baenitz *°). The T. (27.5 K) is very similar
to that of Rb3Cgy (T. = 28 K). X-ray diffraction of RbTl-doped Cgy samples shows, in
addition to the Rb3Cg reflections, peaks for both hexagonal and simple cubic thallium
[6.87]. This implies that the initially homogeneous RbT],; 5 alloy has separated into its
components during the preparation of (RbTl; 5)3Ceo, and mainly RbsCg is formed. Con-
sequently, the Rb3Cgo powder contains metallic thallium.

A synthesis of Rb3Cg using binary alloys can still be useful since the binary alloys are
handled more easily (grinding, weighing) and processed at lower reaction temperatures.

20Freie Universitat Berlin, Berlin (Germany).



230 CHAPTER 5. FULLERENES

Zhang et al. [5.88] have used RbHg alloy to prepare Rb3Cgo at 200 °C.

STM images of the Tl-containing compounds show similar grain sizes as the non-TI-
containing compounds (see the large scale STM image of (RbTl 5)3Ceo in fig. 5.72a).
However, a clear difference from the non-Tl-containing compounds is observed on a molec-
ular scale. Figure 5.72b displays a STM image of (KTl 5)3Ceo showing ball-shaped fea-
tures of an apparent diameter of 1.7 nm. This value is significantly larger than that of a
single Cgo molecule (0.7 nm).

These larger units have to be interpreted as aggregates of Cgo and the intercalant
metals. Actually, a rough estimate of the diameter of a (KT, 5);Ce complex as com-
posed of metal atoms and a Cgy molecule in a close-packed-arrangement of hard spheres
with the respective van-der-Waals radii gives a diameter of about 1.5 nm [5.89].

Figure 5.72: (a) STM image of (RbTl 5)3Cso showing grain boundaries (marked by
arrows). (b) Molecular resolution STM image of (KTl 5)3Cso. The apparent diameter
of the ball-shaped features (arrow) is significantly larger (1.7 nm) than that of a Ce
molecule (0.7 nm). This might be explained by assigning the balls to a complex of Cg
and the intercalant and/or electronic structure effects.

Since STM measures the local density of states at the Fermi level, the electronic
structure of (KTl 5)3Cso may also influence the size and shape of the spherical features
in fig. 5.72b. No structure which could be assigned to metal intercalant atoms has been
resolved within the ball-shaped units.
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5.5.5 Conclusion

In summary, large scale STM images of alkali metal doped fullerite powder samples show
grain sizes of several hundred nanometres. This small size which is comparable to the
magnetic field penetration depth may account for the observed small shielding fractions
in magnetization experiments. Molecular scale STM images of Rb3Cg reveal (111) and
(311) arrangements of fullerene molecules, but no indications of the Rb intercalant are
found since there is no intercalant density of states near the Fermi energy. In (KTl 5)3Cso,
however, the significantly larger molecular units can be explained by the AC susceptibil-
ity and X-ray diffraction evidence of metallic thallium in the thallium-alkali metal doped
fullerites.

5.5.6 Outlook

Doped fullerene-based superconductor compounds as well as cuprate superconductors do
not seem to be ’ideal’ materials for the application of high temperature superconductivity.
Up to now (1994) only very few application areas of these materials have been established.
On the RF-application panel Tl-Ba-Ca-Cu-O thin film based devices allow the construc-
tion of microwave filters, antennas and resonators which have the same figures of merit
as copper based devices, but are of a much smaller size, which is an advantage for space
applications. Examples in the high power branch are current leads made from ceramic
YBCO to feed in high currents to conventional superconducting magnets operated at
liquid helium temperatures. The thermal and electrical losses of HTSC current leads
are much smaller than those of copper leads. A further application is a current limiter:
if the current in an electricity network exceeds the critical current of a HTSC element
incorporated in the network, the loss of superconductivity limits the current. Despite of
some BSCCO powder-in-tube-type 'wires’ HTSC cannot be handled as usual Cu wires
due to the brittleness of these materials.

The recent discovery of RE(Ni/Pt)BC (RE=rare earth) superconductors [5.90, 5.91,
5.92] might provide promising candidates for applications since these materials are less
brittle and behave similar to metals regarding their mechanical properties. YNiyBCy,
(Tc = 12.5 K), YNingCO_g (CFC = 13.5 K) [591], YPd5B300_3 (Tc = 22.6 K) [592] and
RENi,B,C (RE =Y, Tm, Er, Ho, Lu) (7. = 16.6 K) [5.93] are typical representatives of
this class of superconductors. The crystal structure of LuNi;B,C has been determined
to space group I4/mmm, a = 3.4639A, ¢ = 10.6313A and consists of alternating LuC
and buckled Ni,B,—C layers [5.94]. T, is up to now comparable with technically relevant
superconductors like Nb3Sn (7. = 18.0 K), but possibly systems with even higher T, will
be found.
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Chapter 4

Traditional carbon allotropes and GIC’s

The second range of topics deals with traditional carbon allotropes like graphite and
diamond. Although graphite has only little in common with the HTSC discussed in
chapters 2 and 3, it is also a layered material that can be manipulated to a large extent
by changing its electronic structure by doping with metals. These so-called Graphite
Intercalation Compounds (GIC’s) exhibit a large structural variety which is accessible to
investigations with a scanning tunneling microscope. In contrast to the HTSC most of
these GIC’s are very unstable when stored in the ambient air so that special precautions
have to be taken, for example investigation by STM in a glove box filled with high purity
argon gas. Some GIC’s are even superconductors' but this will not be discussed here.
Structural aspects will dominate the chapter on carbon allotropes.

The second ’classic’ allotrope of carbon is diamond with a three-dimensional cubic
structure being very different from the layered materials discussed so far. Even diamond
can be doped by boron or arsenic resulting in appreciable conductivity at room tempera-
ture. Such doped homoepitaxial diamond films on diamond substrates have been subject
to STM investigations as well.

4.1 Graphite

The first section discusses graphite. Even if large single crystals of hexagonal graphite
are not available a textured form with micrometre-sized single crystalline domains is
available: Highly Oriented Pyrolytic Graphite (HOPG). The [0001] direction of HOPG is
perpendicular to the surface of the shiny HOPG platelets. Figure 4.1 displays the atomic
structure of graphite. The graphite sheets (graphene layers) show an AB stacking se-
quence with the B layers shifted with respect to the A layers. The carbon atoms in the
graphite allotrope have a sp® hybridization giving rise to strong in-plane bonds and weak
bonds between planes. The AB stacking causes the so-called carbon site asymmetry:
two inequivalent sites are observed in graphene layers. The a-sites are located above
and below carbon atoms in the neighbouring graphene layers, whereas the (-sites are
situated above and below carbon ring centres (hollow sites) of adjacent graphene layers.
This asymmetry affects the electronic structure of graphite, especially at its surface. Cal-

LAt very low temperatures like 0.55 K in case of a K-GIC.
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culations by Batra et al. [4.1] and Toméanek et al. [4.2, 4.3] have shown that the Local
Density of States (LDOS) close to the Fermi level is different for the two carbon sites.

Figure 4.1: Structure of highly oriented pyrolytic graphite (HOPG). The interatomic
distance in the graphitic planes (graphene layers) with honeycomb symmetry is 0.1415
nm. Two inequivalent sites are found: a-sites having a carbon atom in the second layer
and [-sites located over a carbon ring centre in the second layer. The distance between
site-equivalent atoms is 0.2456 nm. The interlayer spacing between graphene planes is
0.3354 nm.

Graphite and especially HOPG has become an established calibration standard for
scanning tunneling microscopy due to the facile preparation of a clean surface by cleaving
it.2 The first investigations of graphite by Binnig et al. [4.4] clearly demonstrated the
atomic resolution capability of the STM, but also showed that the information obtained
is electronic structure of the surface. Assumed a tunneling voltage V is applied, only
the states in the energy window Er 4+ eV contribute to the tunnel current. Due to the
carbon site asymmetry the LDOS of the two different sites is different [4.1]-[4.3] and leads
to a hexagonal atom pattern with a lattice constant of 0.25 nm instead of a honeycomb
structure with an interatomic distance of 0.14 nm (see fig. 4.3). This implies that only
one type of carbon sites is imaged at a given bias voltage. Figure 4.2 shows a typical STM
image of graphite in a three-dimensional rendition. The hillocks spaced by a distance of
0.25 nm represent 3-sites of the carbon (0001) surface.

2Cleaving of HOPG may be done by using a piece of adhesive tape, glueing it to the HOPG surface
and tearing it off. Some HOPG material sticks to the tape and a fresh HOPG surface is exposed. A
different method is cleaving HOPG by using a razor blade.
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Figure 4.2: Three-dimensional rendition of a STM image of a HOPG surface. The
hillocks represent [3-sites of the carbon (0001) surface spaced by 0.25 nm.

Figure 4.3: Graphite (0001) surface. The nearest distance between carbon atoms in
the honeycomb structure is 0.14 nm.
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4.2 Graphite intercalation compounds

4.2.1 Introduction

Graphite Intercalation Compounds (GIC’s) [4.5] have been of interest for a long time,
both from a theoretical as well as from an experimental point of view. They provide
model compounds for quasi-two-dimensional systems where the electronic and magnetic
properties can be tailored to a large extent by choosing an appropriate intercalant. The
insertion of intercalant layers between graphene sheets leads to an enlargement of the
c-axis parameter in GIC’s compared to pristine HOPG. Figure 4.4 schematically shows
the stacking sequence in a stage-1 GIC: an alternating sequence of graphene sheets and
intercalant layers. Figure 4.5 shows a three-dimensional model of a stage-1 GIC with a
2 x 2 intercalant superstructure® in the galleries. Four different intercalant sites are
observed denoted by a, 3,7 and §. Figure 4.6 illustrates the different stages of GIC’s.

graphens
layer

® & o9 0 0@

intercalant
|y ar

Figure 4.4: LEFT: Schematic side view of a stage-1 GIC. The stage indicates the

number of graphene layers between intercalant layers.

Figure 4.5: RIGHT: Three-dimensional model of a stage-1 GIC with a 2 x 2 inter-
calant superstructure. Although the graphite does not show AB stacking four different
intercalant sites are observed indicated by «, 3,7 and 4.

In addition, the interesting transport, optical, catalytical, and tribological properties
of GIC’s open up a variety of applications. For some of these applications, such as in
catalysis and tribology, the surface atomic and electronic structure plays a major role. It
is therefore desirable to investigate the surface structure of GIC’s in more detail, whereas
earlier experimental investigations of GIC’s have mainly focused on bulk properties. It

3With respect to the graphite honeycomb lattice. The sum formula of a stage-1 GIC with a 2 x 2
superstructure is CgM with M denoting the (alkali) metal intercalant.

4The space between graphene sheets available for the insertion of the intercalant species is often called
gallery.
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was only recently that microscopic techniques such as high-resolution scanning-ion mi-
croscopy [4.6,4.7] with about 20 nm lateral resolution and scanning tunneling microscopy
(STM) [4.8]-[4.20] with atomic-resolution capability were applied to study the surface
structure of GIC’s from a submicrometre down to the atomic scale. Interesting super-
lattice structures have been found on the surfaces of GIC’s by atomic-resolution STM
studies. Here, STM data is presented obtained on the whole series of binary alkali-metal-
graphite intercalation compounds (AM-GIC’s) including Li-, K-, Rb-, and Cs-GIC’s of
stage-1. In addition the ternary AM-GIC’s KRb-, KCs-, and RbCs-GIC’s of stage-1 have
been studied. The STM results obtained on a submicrometre scale indicate the pres-
ence of an inhomogeneous distribution of the intercalant, which seems to be an intrinsic
property of GIC’s. Atomic-resolution STM studies of binary AM-GIC’s confirm earlier
observations of hexagonal as well as nonhexagonal superlattices. The nonhexagonal one-
dimensional superlattices observed by STM at the surface of binary heavy alkali-metal
GIC’s [4.15, 4.16] are also observed at the surface of ternary AM-GIC’s. In addition,
rectangular superlattices are found on the surfaces of binary and ternary AM-GIC’s. It
will be argued that the presence of a surface-driven charge-density wave (CDW) is the
most likely explanation for these rectangular superlattice structures.
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Figure 4.6: GIC’s of different stage. The stage denotes the number of graphene layers
between intercalant layers.

422 Experimental conditions
4.2.2.1 Preparation of GIC’s

The following comments apply to the preparation of alkali-metal GIC’s only since solely
this type of GIC’s has been studied in the present work. Due to the high reactivity
of the alkali metals with oxygen® special precautions have to be taken for a successful
preparation of GIC’s. In Basel sample handling is performed® in a stainless steel glove
box filled with high purity argon gas. Basically two methods are used for preparation of
GIC’s: the liquid phase reaction and the gas phase reaction. For the gas phase reaction
an evacuated glass tube with several chambers is used (see fig. 4.7). The intercalant

SLithium shows in addition a high reactivity with nitrogen.
6 All GIC samples studied here have been prepared and characterized by Verena Thommen-Geiser.
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(alkali metal) is located in the chamber shown on the left end of the tube. This chamber
is directly connected to a second chamber containing the HOPG graphite. By placing
the vessel in a furnace with a temperature gradient” the alkali metal vaporizes and is
being transferred to the chamber containing the HOPG. The vapour condenses in the
colder chamber and is intercalating the HOPG. After intercalation and cooling the vessel
to room temperature a small glass tube at the right end of the vessel can be broken by
means of a steel rod (hammer) to transfer the intercalated samples to a sample holder,
which is sealed afterwards. All these steps have to be executed without exposure to air.
In fact, the whole procedure is done even without exposing the sample to argon.

e DS
' = E :’ Yacuom

intercalant HOPG

sample holder

Figure 4.7: Vessel for preparation of GIC’s by the vapour reaction method.

Irom Core

GIC

liquid alloy . rinpg-shaped magnet
HOPG crucible allay

Figure 4.8: High temperature crucible for intercalation using the liquid phase reaction
method.

The second method is the liquid phase reaction method (see fig. 4.8) where the
HOPG platelet is in direct contact with the alkali metal. The easiest realization of this
method is immersing the HOPG platelet in a crucible filled with molten alkali metal (on
a heater plate) in the argon glovebox. A special type of crucible is shown in fig. 4.8 which
is especially suited for intercalation at temperatures up to 600°C. The HOPG platelet
being immersed into the intercalant is fixed to a stick with an iron core. By moving
upwards a ring-shaped magnet the sample can be pulled out of the liquid alloy before
the alloy solidifies.

"The alkali metal is situated at the hotter end.
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Both methods are described in detail in previous PhD thesis work by Pfluger and
Gubler [4.21, 4.22] or in literature [4.23]-[4.25].

The stage-1 Li-, K-, and ternary GIC samples were obtained by liquid-phase reaction
of HOPG with the molten alkali metals (reaction temperatures between 100 and 250°C,
exposure times between 4 h and 16 d). The stage-1 Rb- and Cs-GIC samples were prepared
by the two-zone gas-phase reaction from HOPG (reaction temperatures of 200-280°C,
exposure times of 1-3 d). The stage of all samples was checked by X-ray diffraction. As
an example fig. 4.9 shows the X-ray diffraction spectrum of a K-GIC of stage-1 and that
of pristine graphite.
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Figure 4.9: X-ray diffraction pattern of a K stage-1 GIC and pristine graphite. Note
the enlargement of the layer spacing due to the potassium intercalation.

4.2.2.2 STM in high purity argon environment

The STM used for the investigation of the surface structure of GIC’s is a commercially
available instrument® that is operated at room temperature in a stainless-steel glove box
containing a high-purity Ar atmosphere (1 bar). A gas purification system lowers the O,
N, and H,O impurity levels beyond the detection limit of 1 ppm. The GIC samples were
transferred into the glove box in sealed glass tubes through a fast-entry air lock. Thus,
the GIC samples were never exposed to air. After breaking the glass tubes in situ inside
the glove box, the samples were mechanically fixed on the sample holder stage of the STM
unit. Prior to each series of STM measurements, the samples were freshly cleaved. De-
pending on the degree of surface reactivity of the different compounds, STM experiments
could be performed on clean surfaces for time periods between half an hour and several
hours in the described environment. After that time period a graphitic surface structure
was visible only, without any superimposed superlattices. Mechanically prepared Pt-Ir
tips were used for the STM measurements. To exclude artifacts originating from tip
asymmetries or multiple tip imaging, several different tips were used for each kind of

8Nanoscope II, Digital Instruments Inc., Santa Barbara, CA.
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sample. STM measurements were performed both in the constant-current as well as in
the constant-height mode. The constant-current mode is particularly useful for getting
quantitatively the measured corrugation amplitudes, whereas the constant-height mode
offers the advantage of excluding corrugation enhancement effects due to forces acting
between tip and sample [4.26].

4.2.3 STM on binary alkali metal GIC’s

Prior to discussing the STM results on binary alkali metal GIC’s (AM-GIC’s) some re-
marks should be given on superstructures superimposed onto the graphite honeycomb
lattice. In fig. 4.10 the graphite honeycomb lattice is shown. Choosing the reference
hexagon (origin) in the left bottom corner of fig. 4.10 (labelled by ’0’) the distances of
the other hexagons are indicated by numbers (the distances are measured in units of the
smallest spacing between two hexagons). By this method superstructures can be easily
described, i.e. the regular occupation of some hexagon sites. If all hexagon sites are
occupied by an intercalant atom a 1 x 1 ’superstructure’ would result. In that case,
however, it can not be distinguished between a 1 x 1 ’superstructure’ and a STM image
of pristine graphite. In other cases like 2 x 2 or V'3 x v/3 superstructures the STM image
of such a surface will be different from that of pristine graphite.

Figure 4.10: Several possible superstructures on the graphitic honeycomb lattice. For
explanation see text.

4.2.3.1 Li-GIC’s

Stage-1 Li-GIC’s have been studied from a submicrometre down to the atomic scale using
STM. Large-scale STM images typically show extended ( > 100 nm), atomically flat ter-
races separated by steps, mainly of monatomic height ((0001) spacing after intercalation:
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I. = 0.37 nm), or grain boundaries originating from the HOPG host (see fig. 4.11). In
addition, island-like structures were often found defined by an apparently reduced topo-
graphic height (see arrow). These islands typically have a lateral dimension of 50-200 nm
and do not terminate at steps or grain boundaries. The apparent topographic depth of
the islands observed in fig. 4.11 is about 2-3 nm, but can also be smaller. The measured
depth was found to be independent of the applied bias voltage within a range of 0.05-1.0
V and also independent of the tunneling current within a range of 1-10 nA. These regions
of apparently reduced topographic height may originate from locally missing intercalated
lithium most likely in subsurface parts of the sample. However the observed islands do
not necessarily represent topographic surface structure only. It is also possible that the
islands represent surface regions of increased local work function leading to an increased
local tunneling barrier height and therefore to an apparent decrease of the measured
height in topographic STM images according to the tunneling formula

I x exp (- AV ®s) (4.1)

where

o A =1.025eV-1/2A1,

e & is the local tunneling barrier height,

e s is the distance between the tip and the sample surface,

e and [ is the tunneling current, which was kept constant during this STM measure-
ment.

The relative change of the local tunneling barrier height is then given by

(I)h_(I)lzl—( 1
7 1+ A/s(®n)

AP/®) = )? (4.2)
where

o &, (®) is the higher (lower) value of the local tunneling barrier height,

o 5(®;) the distance between the tip and the sample surface corresponding to the
higher local work-function region,

e and A is the apparent change of the topographic height.

Regardless of the interpretation of the STM image contrast in this case, the observed
islands clearly indicate inhomogeneities in the spatial distribution of the lithium. It is

interesting to make a comparison with the observation of islands of similar size in stage-4
SbCl;—GIC’s [4.27]. In this case, Sb-rich islands of lateral dimension 50-100 nm have
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Figure 4.11: STM image of the surface of a stage-1 Li-GIC sample. Islands of apparently
reduced topographic height can be seen clearly (arrow). These islands are not affected
by monatomic steps running through the islands.
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Figure 4.12: Atomic resolution STM images showing different hexagonal superlattices:
2x2 (I; = 10 nA, U, = -162 mV), MIDDLE: v3 x v3 (I, = 2.7 nA, U, = -272 mV),
RIGHT: incommensurate superlattice with a lattice constant 0.35 nm (I, = 2.7 nA, U,
= -272 mV). Models of 2x2 and v'3 x v/3 superstructures are shown in the lower row.
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been identified by means of analytical electron microscope measurements, again indicating
inhomogeneities in the distribution of the intercalated material in a completely different,
acceptor GIC sample. It seems that such inhomogeneities are intrinsically present in
GIC’s, since they are observed in a variety of different compounds obtained by different
preparation conditions.

Atomic-resolution STM measurements on the stage-1 Li-GIC’s confirm earlier STM
observations [4.11, 4.12] of three different hexagonal superlattices corresponding to 2x 2,
v'3x+/'3 and an incommensurate hexagonal superlattice with lattice constants of 0.4940.02
nm, 0.4340.02 nm, and 0.354+0.02 nm, respectively (fig. 4.12). These superlattices orig-
inate from the ordered arrangement of lithium at the surface of the stage-1 Li-GIC’s.
Bias-dependent STM measurements did not reveal a dependence of the observed super-
lattices on the applied sample-bias voltage within a bias range of +£300 mV. Finally, it
should be noted that nonhexagonal, one-dimensional superlattices such as those observed
at the surface of heavier alkali-metal GIC’s (see below) have never been observed at the

surface of Li-GIC’s.

4.2.3.2 K-GIC’s

K-GIC’s were found to be the most difficult system from the binary AM-GIC’s series for
STM studies, mainly because of their extremely high surface reactivity.

Figure 4.13: STM image of a stage-1 K-GIC sample. An arrow indicates a line-shaped
feature of apparently increased topographic height.

In an earlier STM study by Anselmetti et al. [4.10, 4.12] of K-GIC’s only a graphitic
surface structure could be observed. More recently performed STM studies of this system
also reveal a variety of superlattice structures that are, however, observable only within
a very limited time period after freshly cleaving the sample. The observation of super-
lattice structures at the surface of stage-1 K-GIC’s was possible due to a different sample
preparation procedure which was based on a liquid-phase reaction, in contrast to earlier
STM studies [4.10, 4.12] where samples obtained by the two-zone gas-phase reaction were
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used.

K-GIC samples exhibit by STM (see fig. 4.13) on a large scale flat terraces with unit
cell steps (0.6 nm in height, I. = 0.54 nm). Again, line shaped regions of apparently
increased topographic height (+ 0.2 nm) are observed (see arrow in fig. 4.13).
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Figure 4.14: LEFT: Atomic resolution STM image of CsK (2x2 superstructure). (I;
= 3.51nA,U; = -20 mV).

Figure 4.15: RIGHT: STM image of C4K (\/g x V3 superstructure). (I; = 5 nA, U,
= -50 mV). The lower row displays models for the observed superstructures.

In fig. 4.14 a STM image is given of a stage-1 K-GIC sample showing a 2x 2 super-
lattice structure. This STM observation is consistent with earlier STM studies of stage-1
K-GIC’s by another STM group [4.13, 4.14]. In addition, a novel v'3 x V'3 superlattice
at the surface of stage-1 K-GIC’s (fig. 4.15) is shown that has not been observed pre-
viously. The possible existence of the v'3 x V'3 superlattice period in stage-l1 K-GIC’s
has recently been theoretically predicted on the basis of ab initio calculations within
the density-functional formalism [4.28]. Indications for the presence of a v'3 x V'3 su-
perlattice at the surface of stage-1 Cs-GIC’s have been found experimentally by means
of angle-resolved photoemission spectroscopy [4.29]. This V'3 x v/'3 surface superlattice
is also in contrast to the 2x 2 superlattice as observed in the bulk of stage-1 Cs-GIC’s.



148 CHAPTER 4. TRADITIONAL CARBON ALLOTROPES AND GIC’S

In addition, a nonhexagonal, one-dimensional superlattice structure (v'3 x v/27) is also
observed at the surface of stage-1 K-GIC’s (see fig. 4.16). Such structure was previously
found at the surface of heavy alkali-metal GIC’s [4.15, 4.16]. Finally, a novel nonhexag-
onal rectangular superlattice has been found (fig. 4.17) with a periodicity of 0.95 + 0.1
nm.

fﬂ%ﬁ =8

Figure 4.16: LEFT: Atomic resolution STM image showing a v/ 3x v'27 superstructure.
The model is shown below.

Figure 4.17: RIGHT: Novel rectangular superlattice of 0.95 nm period, which is
simultaneously observed together with the underlying K 2x 2 lattice (I; = 3.5 nA, U, =
-20 mV).

4.2.3.3 Cs-and Rb-GIC’s

CsRb and CgCs exhibit large terraces with 0.6 nm steps (I, gy = 0.56 nm, I. ¢, = 0.59
nm). Figure 4.18 shows a STM image of the surface of a CsCs sample. The ”brighter”
lines are possibly boundaries between different intercalated domains. Figure 4.19 shows
the CgCs 2 x 2 superlattice and fig. 4.20 displays the CgRb 2 x 2 superlattice. Note the
vacancy (bold arrow) and adatom defect (open arrow) in fig. 4.20. During the course of
STM imaging, various one-dimensional superstructures have been observed. Two differ-
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ent spacings between linear structures can be observed in fig. 4.21, left, (Cs-GIC). The
smaller spacing corresponds to a v/ 3 x 3 superlattice. The larger one is a v/ 3x 4 structure.
At even larger depletion of the first gallery of CsCs, linear v'3 x v'21 (fig. 4.21, middle)
or linear superstructures with two different spacings (v'3 x v'21/v'3 x v/28) (fig. 4.21,
right) are observed simultaneously with the graphite host lattice.

Figure 4.18: LEFT: STM survey image of the surface of a stage-1 Cs-GIC showing
terraces and steps. Narrow bright bands might be interpreted as domain boundaries.

Figure 4.19: MIDDLE: CgCs exhibiting a 2x2 superlattice (I; = 2.9 nA, U, = -T2
mV).

Figure 4.20: RIGHT: CgRb 2x 2 superlattice showing two point defects: a vacancy is
indicated by an open arrow and an adatom site is marked by a bold arrow (I, = 5.1 nA,

U, = -53 mV).

4.2.4 STM on ternary alkali metal GIC’s
4241 KCs-GIC’s of stage-1

For the first time ternary AM-GIC’s have been studied as an extension of the investi-
gations of binary AM-GIC’s. Similar characteristic features have been observed in STM
images of ternary AM-GIC’s as at the surface of the binary AM-GIC’s. In fig. 4.22 a
large-scale STM image of the surface of stage-1 KCs-GIC’s is presented. Besides step and
other defect structures, islands of various sizes and shapes, already observed on stage-1
Li-GIC’s (fig. 4.11), are visible. These islands have an extent of 50-200 nm, typically. In
contrast to the observation of islands at the surface of stage-1 Li-GIC’s, the islands on
stage-1 KCs-GIC’s exhibit apparently increased topographic height. Again, the observa-
tion of such islands is attributed to an inhomogeneous distribution of the intercalant. For
ternary GIC’s such inhomogeneities can either result from a deficiency of one component
only [4.27], or, less likely, of both components of the intercalant.
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Figure 4.21: LEFT: Atomic resolution STM images showing different linear superstruc-
tures in a Cs-GIC: V'3 x 3 / V3 x 4. A schematic is given below. MIDDLE: Regularly
spaced linear superstructure (Cs-GIC): V'3 x v'21 (to be compared to the model shown
below. RIGHT: v'3 x v21 / v3 x v/ 28. This image was recorded a few minutes later
than the one shown in the middle. This is an important clue for the depletion of the
galleries during STM imaging (interaction with tip).

Figure 4.22: Constant current STM survey image of a stage-1 KCs-GIC sample showing
an ellipsoidally-shaped island of apparently increased topographic height (I; = 1 nA, U,
= -100 mV). The island is marked by an arrow.
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On the atomic scale a variety of superlattice structures is observed at the surface of
stage-1 KCs-GIC’s. Figures 4.23 and 4.24 show two different types of 2x 2 superlattices.
In fig. 4.24 the graphite host lattice can be simultaneously observed with the superstruc-
ture whereas in fig. 4.23 only the intercalant is imaged. Note that no distinction between
the different alkali metals is possible. During STM imaging the regular 2x 2 superlattices
are found to transform to a linear V'3 x 4 superstructure (see fig. 4.25).

Figure 4.23: LEFT: Atomic resolution STM image showing a 2x 2 superlattice of the
K and Cs intercalant atoms. Note that the two atomic species cannot be distinguished.

Figure 4.24: MIDDLE: This image shows both the 2x2 superstructure and the
graphitic host lattice.

Figure 4.25: RIGHT: Within 15 min. of STM imaging the regular 2x2 superlattice
has transformed into a v'3 x 4 superlattice implying the gradual emptying of the galleries.

Finally, a nonhexagonal rectangular superlattice with a (1.9+0.1) nm period has been
observed at the surface of stage-1 KCs-GIC’s (see fig. 4.26). This rectangular superlattice
is similar to the one observed at the surface of stage-1 K-GIC’s (fig. 4.17). Interestingly,
the STM image of fig. 4.26a shows in fact two different super-imposed superlattices in
addition to the underlying graphitic host lattice, namely the novel rectangular super-
lattice already mentioned and the 2x 2 superlattice. This can best be extracted from a
STM image analysis based on the two-dimensional Fourier transform shown in fig. 4.26b.
Clearly, three groups of spots can be distinguished in Fourier space, two groups with
hexagonal symmetry corresponding to the graphitic host lattice (back-transformed to
real space by selecting the spots located in the outmost ring in the Fourier spectrum, see
fig. 4.26¢c) and the 2x2 superlattice (fig. 4.26d based on the middle ring spots in fig.
4.26b), and one group with rectangular symmetry (fig. 4.26¢) corresponding to the novel
superlattice that dominates the STM image presented in fig. 4.26a. The simultaneous
observation of two superimposed superlattices of different symmetry at the surface of
stage-1 KCs-GIC’s has important implications for the interpretation of the superlattice
structures, as will be argued in the discussion section.
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Figure 4.26: (a) Atomically resolved STM image showing a novel rectangular super-
lattice with a periodicity of about 1.9 nm on a stage-1 KCs-GIC (I; = 1 nA, U, = -65
mV). A Fourier-space-based analysis of the image yields several superstructures. (b)
Two-dimensional Fourier transform of the topography image: three groups of spots are
observed. Circles are indicated to separate the groups of spots. (c) Back-transform to
real space of the outermost group of Fourier spots reveals the presence of the graphitic
host lattice in the raw data image. (d) Back-transform to real space of the group of
Fourier spots located in the middle ring in the Fourier spectrum yields the 2x 2 superlat-
tice. (e) Back-transform to real space of the innermost group of Fourier spots gives the
novel rectangular superlattice.

4.2.4.2 CsRb-GIC’s of stage-1

RbCs-GIC’s show analogous structures to those observed in KCs-GIC’s: A grain bound-
ary is marked by an arrow in the large scale image of a RbCs-GIC (see fig. 4.27, top left).
The topographic height difference between the two grains is 0.55 nm (slightly smaller than
the interlamellar spacing).
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Figure 4.27, top right, displays a 2 x 2 superlattice. Fig. 4.27, bottom left, additionally
shows the underlying graphite host lattice. Figure 4.27, bottom right, shows the linear

V'3 x 4 superlattice which is only found at a later stage of the STM experiment (similar
to K-, Cs-, Rb- and KCs-GIC’s).

Figure 4.27: TOP LEFT: Large scale STM image of a CsRb-GIC (step heights: 0.6 and
1.1 nm). A grain boundary is marked by an arrow. TOP RIGHT: STM image of a 2 x 2
superlattice. No difference is observed between Cs and Rb intercalant atoms. BOTTOM
LEFT: 2 x 2 intercalant superlattice and graphitic host lattice imaged simultaneously
by STM. BOTTOM RIGHT: STM image of a v'3 x 4 superlattice found after scanning

the surface for 20 minutes.

4.2.5 Discussion

The variety of superlattice structures found at the surface of binary and ternary AM-
GIC’s is certainly surprising. The simultaneous observation of two different superlattices
in addition to the underlying graphitic host lattice as in the case of stage-l KCs-GIC’s
indicates that different superlattices might have different origins. In the following, pos-
sible origins of the observed superlattices will be discussed. A very limited number of
theoretical calculations [4.30] — [4.32] has been devoted to STM studies of GIC’s so far.
These calculations are partly based on drastic assumptions concerning the treatment of
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the superlattices, which are not justified by the experimental observations. Therefore,
the interpretation of the superlattices is at least partly at a speculative stage.

To start the discussion of the experimental STM results on AM-GIC’s, the experi-
mental conditions have to be clarified first. As described in section 4.2.2, the samples
are freshly cleaved prior to each series of STM measurements. For a stage-l compound,
cleavage of the sample is expected to lead initially to two parts, with the freshly cleaved
surfaces equally covered with the intercalant, which is consequently diluted compared
with the intercalated layers in the bulk. The alkali metal at the surface is, however,
likely to evaporate off in the inert-gas environment. Therefore, the top surface layer for
most of the studied stage-] AM-GIC’s is supposed to be a graphitic layer followed by the
first intercalated layer. This explains the easiness of the simultaneous observation of the
graphitic host lattice in addition to the superlattices that are induced by the presence
of the intercalated layers. In the case of stage-1 Li-GIC’s, however, there are indications
that the top surface layer might consist of lithium [4.11, 4.12]. This assumption would
explain three different experimental observations: First, in contrast to the STM results
obtained for the heavier alkali-metal GIC’s, simultaneously imaging of the graphitic host
lattice in addition to the observed hexagonal superlattices at the surface of stage-1 Li-
GIC’s was never successful. Second, the experimentally measured corrugation amplitudes
at low bias voltages ( < 200 mV) were found to be considerably higher [4.11, 4.12] than
theoretically predicted [4.30]. This discrepancy could be explained by the fact that in the
calculations [4.30] a graphitic top layer was assumed. Third, the easiness of transforma-
tion between the three experimentally observed hexagonal superlattices at the surface of
stage-1 Li-GIC’s [4.11, 4.12] and figs. 4.12ff. could best be explained by a lithium layer
being at the top of the surface. Under the assumption of a lithium top layer at the surface
of stage-1 Li-GIC’s, the STM images are likely to directly reflect the local distribution
of lithium at the surface. Atomic and electronic structure effects might of course both
contribute to the measured corrugation amplitudes. For the heavier alkali-metal GIC’s,
where the top surface layer is assumed to be a graphitic layer, the interpretation of the
experimental STM results might be much more sophisticated. Three different types of
superlattices have mainly been observed: the 2x2 superlattice and the nonhexagonal
one-dimensional, as well as rectangular, superlattices. The presence of a 2x2 superlat-
tice of the intercalated layers is well known from bulk diffraction experiments on these
compounds. Therefore, it is likely that the STM observation of this superlattice at the
surface of these compounds directly reflects the ordered arrangement of the alkali metal in
the first gallery of the graphitic host lattice. The STM image contrast can, however, have
different origins: First, the STM probes the electronic states near the Fermi level at the
distance of a few angstroms from the surface, which are influenced by the presence of the
intercalated layers. Second, the STM is also sensitive to elastic distortion fields, which
cause the top graphitic layer to buckle due to the presence of the underlying intercalant
layer [4.33, 4.34]. At present, it is difficult to estimate the relative contributions of these
two different image contrast mechanisms to the observed experimental STM results. A
comparative STM and atomic-force microscopy (AFM) [4.35] study would certainly help
to disentangle the contributions of the different contrast mechanisms, since the AFM
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predominantly probes the local elastic distortion field [4.33]. Another issue is the ob-
served similarity of the STM images of the 2x 2 superlattice at the surfaces of binary and
ternary AM-GIC’s. No indications exist of a two-component intercalant layer in the STM
images of the 2x 2 superlattice at the surface of ternary AM-GIC’s. For a two-component
intercalant layer, one would expect, for instance, a locally varying corrugation amplitude
over the 2x 2 superlattice, which is not experimentally observed. X-ray studies of the
structure of stage-1 K;_,Rb,-GIC’s [4.36] have shown that the mixed alkali-metal lay-
ers form a commensurate 2x 2 superlattice with complete site disorder among the two
different types of alkali-metal ions. Further experimental investigations are necessary to
explain the uniformity of the 2x 2 superlattice observed at the surface of ternary AM-
GIC’s. Besides the hexagonal 2x 2 superlattice, it is also possible to observe nonhexagonal
one-dimensional superlattice structures superimposed on the graphitic host lattice at the
surfaces of binary and ternary AM-GIC’s. The one-dimensional chain-like structures are
observed with different periodicities [4.15, 4.16] and in some cases they are not regularly
spaced at all. Typically, no corrugation is measured along the chains after subtracting
the corrugation resulting from the underlying graphitic host lattice. Two possible expla-
nations can be given for the observed one-dimensional superlattice structures: First, a
quasi-one-dimensional chain-like ordering of the alkali-metal intercalant, leading to non-
hexagonal superlattices such as v'3 x 4 or V'3 x V13 [4.15, 4.16] or irregularly spaced
quasi-one-dimensional chains, can explain the STM observations. The existence of a one-
dimensional chain-like ordering of the alkali metal in the bulk of high-stage Cs-GIC’s has
already been confirmed earlier by scanning transmission electron microscopy [4.37]. Un-
der the assumption of a chain-like ordering of the alkali-metal intercalant, the STM image
contrast can again be explained either by an electronic contribution of the intercalant
layer or by the elastic distortion field associated with the one-dimensional ordering of the
intercalant. To explain the absence of a corrugation along the chains, a close packing of
the alkali-metal ions in this direction has to be assumed. For a commensurate structure
this would be fulfilled by a v/3 x a, spacing of the alkali-metal ions along the chains,
where ag is the lattice constant of the graphite host. One may speculate whether such
alkali-metal chains in GIC’s would be metallic. If the STM image contrast is mainly
due to the electronic contribution of the intercalant layer, the absence of a measured
corrugation along the chains would certainly indicate such a metallic behavior. A second
possible explanation for the observed one-dimensional superlattice structures would be
the existence of charge-density waves (CDW’s) at the surface of AM-GIC’s. An indi-
cation for the existence of a surface-driven CDW in stage-l Cs-GIC’s has already been
found by means of angle-resolved photoemission spectroscopy [4.38]. It is well known
that STM is highly sensitive to CDW modulations [4.39, 4.40]. On the other hand, the
AFM response to CDW’s is considerably less, and is often not visible at all [4.41, 4.42].
Therefore, a comparative STM and AFM study of GIC’s would again help to clarify the
origin of the observed superlattices. If the observed one-dimensional superlattice struc-
tures would indeed be due to a surface CDW, the observed defects [4.16] as well as the
irregular spacing found at the surface of stage-1 KCs-GIC’s would be remarkable.
Finally, the observation of the rectangular superlattices at the surfaces of stage-1 K-
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GIC’s (fig. 4.17) and stage-l KCs-GIC’s (fig. 4.26) will be discussed. In the case of the
stage-l KCs-GIC’s this rectangular superlattice was simultaneously observed together
with the 2x2 superlattice and the underlying graphitic host lattice. The observation of
the 2x 2 superlattice undoubtedly suggests a hexagonal 2x 2 superlattice ordering of the
intercalant layer. Therefore, the simultaneously observed nonhexagonal rectangular su-
perlattice cannot be explained by electronic contributions or elastic distortion fields due
to intercalant layer. It is therefore most likely that the observed rectangular superlattice
has its origin in a surface CDW. This would then be direct evidence for the presence of a
CDW state in GIC’s. Since the same type or rectangular superlattice is also observed at
the surface of stage-l K-GIC’s, we also expect the presence of a CDW at the surface of
this compound. The larger period of 1.42 nm observed for stage-1 KCs-GIC’s compared
with the 0.95-nm period for stage-1 K-GIC’s would then indicate a lower degree of charge
transfer from the KCs intercalant to the graphitic planes, leading to a decreased Fermi
surface size, which, in fact, would increase the wavelength of the CDW. More experi-
mental work is, of course, needed to clarify this point, e.g., by an observation of the
superlattice period as a function of the relative concentrations in M,M,_,-GIC’s where
M and M’ are two different alkali metals, and by the direct STM measurement of a CDW
energy gap in stage-1 AM-GIC’s.

4.2.6 Summary

The various superlattice structures observed in binary and ternary alkali-metal GIC’s of
stage-1 and the steady evolution with time from denser v'3 x v/3 and 2 x 2 packing, over
more dilute one-dimensional linear structures such as v'3 x 3 to no superstructures at
all are strong indications of the intercalant depletion in the first gallery of the GIC’s.
Although the STM experiments [4.43, 4.44, 4.45] are performed in an argon-filled glove
box with very low impurity levels, some intercalant may evaporate off the GIC sample.
This continuous emptying of the first gallery causes the observed structural transforma-
tions with time. The high vapour pressures of the alkali metals renders impossible the
investigation of these GIC’s in ultrahigh vacuum.

Li-GIC’s of stage-1 are believed to exhibit a Li metal top surface layer [4.11, 4.43]
for the following reasons: first, the graphite host lattice could never be simultaneously
imaged with the superlattice; and second, the measured corrugation amplitudes are much
smaller than those of other alkali-metal GIC’s and compare better to those of a metal.

The heavier alkali-metal GIC’s most likely have a graphitic top surface layer since
cleavage of these compounds leaves surfaces only partially covered by alkali-metal which
is likely to evaporate off in the inert gas environment. Two processes could be respon-
sible for the image contrast in the STM images. First, the intercalant layers directly
influence the electronic density of states near the Fermi level and the electronic structure
of the GIC’s is imaged by STM; or second, the underlying intercalant layer causes a
buckling of the top graphite layer and the topographic structure is imaged. Both effects
may contribute to the actual STM image, but at present, they cannot be easily separated.
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4.3 Diamond

4.3.1 Introduction

The second traditional allotrope of carbon is diamond. In cubic diamond, space group
70, each carbon atom is tetrahedrally coordinated to four others through bonds by sp?
hybridized orbitals. Diamond is due to its extreme hardness, high uv-vis-ir transmission,
its inertness, high temperature stability and large heat capacity a very special material.
However, natural and artificially grown diamond crystals are expensive and difficult to
combine with industrial device production — like in semiconductor device-engineering —
to take advantage of the favourable properties of diamond.

This problem has been overcome by the growth of diamond films by Chemical Vapour
Deposition (CVD) based on experiments by Spitsyn et al. [4.46] and Matsumoto et al
[4.47]. Possible applications are the use as an electronic material for devices [4.48] and
as a semiconductor in high-temperature, high power electronics [4.49].

The films are usually grown in a hot filament reactor using a gas mixture of 1-5 %
methane in hydrogen. Although most of the films are polycrystalline current efforts are
concentrated on studying the relationship between morphology and texture of the films
[4.50] — [4.55] and the investigation of the growth process [4.56] — [4.66].

The use of STM® and AFM has already contributed to a better understanding of the
growth process of diamond films [4.67] — [4.70], [4.73]. On studying diamond(100) faces
a 2x 1 reconstruction has been observed [4.67] — [4.73] explained by dimer row formation
similar to the Si(100)2x 1 reconstruction [4.71, 4.72].

4.3.2 Experimental conditions

The Low Pressure CVD (LPCVD) process for diamond utilises temperature and pressure
conditions favouring graphitic stability but kinetic factors allow diamond to be produced
by reactant gases at less than atmospheric pressure containing > 95% hydrogen. Hydro-
gen is activated by passing it through a plasma before deposition on a substrate, held
typically at 800-1000°C [4.74] — [4.79]. Conducting and non-conducting homoepitaxial
films of 1.5-3.0 pm and 0.8-1.0 gm in thickness were grown on (100) and (110) type
1A polished substrates respectively. The homoepitaxy of diamond on diamond puts this
work'® in contrast to other groups [4.74] — [4.79] using polished silicon wafers as a sub-
strate. These films were grown by the conventional microwave discharge process [4.80]
at temperatures of about 945°C with a 99.7% H,/0.3% CH, ratio. Additionally, the
conducting p-type films were doped with BoHg — with B/C ratio: 0.001. Both film types
were grown under identical conditions and the addition of boron doping for the p-type

9Pure diamond films are supposed to be insulators. The use of a tungsten filament in the reactor
during the film growth process possibly introduces impurities in the film. This may explain why some
groups have reported on STM investigations of undoped diamond films.

0Here I would like to thank H.G. Maguire (Dept. Electrical and Electronic Engineering, Notting-
ham Polytechnic, Nottingham NG1 4BU, England, UK) and M. Kamo (National Research in Inorganic
Materials, Namiki 1-1, Tsukuba, Ibaraki 305, Japan) for the successful collaboration.
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films does not affect their structural morphology as derived from low energy electron
diffraction.!’ For the STM investigations the boron doped films have been used.

4.3.3 STM on homoepitaxial diamond films on diamond(110)

STM investigations of homoepitaxial diamond LPCVD films on diamond(110) reveal a
quite smooth surface (the height variation is below 3 nm over an area of 2x2 pm?, see
fig. 4.28). Some tip-shaped troughs (marked by I’) are present.

Figure 4.28: TOP: Three-dimensional rendition of a large scale STM image of a
diamond films homoepitaxially grown on polished diamond. BOTTOM LEFT: Topview
image of the STM 3D rendition shown above. One of the tip-shaped troughs is marked
by the label T’. BOTTOM RIGHT: Rendition as an illuminated image of the image

shown left mediating a better impression of the morphology of the film surface.

'H.G. Maguire, private communication.
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4.3.4 Herringbone-type atomic structure

On an atomic scale different structures have been observed. In some regions of the sample
a striated herringbone structure has been found, not previously observed for any type
of diamond film (see fig. 4.29). From these observations it is not possible to determine
whether epitaxial growth occurs multidirectionally, simultaneously and/or sequentially.
This structure consists of well defined striated ridges with height differences between
successive striations of about 0.09 nm. The herringbone angle of about 60° between
neighbouring striated areas is numerically equivalent to the intersecting angle between
(110) planes of the diamond lattice (see fig. 4.30). Along this direction growth occurs
most rapidly [4.79]. Also seen in fig. 4.29 are features which appear to have a ring-like
structure in the process of merging to produce growth lines (striations). Central to these
considerations for the creation of nucleation centres, are hydrocarbon cage compounds
which serve as diamond precursors since these structures have the symmetry found in
vapour grown diamond. An isolated ring structure - shown labelled by 'R’ in fig. 4.29 - is
frozen in along a striation. It has been suggested that ring compounds are a likely kinetic
channel for film growth since these molecules have easy sites for the atom addition to a
nucleation site [4.58].

Figure 4.29: Striated herringbone structure with a herringbone angle of about 60°
possibly due to intersection of (110) planes. Note the atomic ring features ('R’).

4.3.5 Diamond(100)2x1 reconstruction

Detailed experimental studies of the atomic and electronic structure of various diamond
surfaces have been performed by Lurie et al. [4.81] and Pate et al. [4.82]. Experiments
with adatoms on carbon surfaces are found in refs. [4.83] — [4.86]. A 2x 1 reconstructed
surface structure as observed by others [4.67] — [4.70], [4.87] has also been imaged by
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STM on a homoepitaxial diamond film.
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Figure 4.30: LEFT: Model of the unreconstructed diamond(110) surface. The top-most
layer is shown in light-grey. The zig-zag rows of carbon atoms exhibit an angle of about
60°. RIGHT: A suggestion for a reconstructed diamond(110) surface compatible with
the herringbone structure. Every third zig-zag row is fixed, whereas the remaining two
are shifted towards the fixed one.
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Figure 4.31: LEFT COLUMN (TOP): Different diamond (100) terminations as inter-
preted from LEED results. Figure reproduced from: A. V. Hamza et al., Surf. Sci. 237
(1990) 35.

Figure 4.32: RIGHT COLUMN (TOP): Diamond(100) surfaces as derived from LEED
experiments. Figure reproduced from R.E. Thomas et al, J. Vac. Sci. Technol. A 10
(1992) 2451.
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Figure 4.33: Schematic drawings of possible molecular structures of the diamond (100)
surface. The left panel shows cross-sections normal to the surface and the right panel
shows top views: (a) Unrelaxed structure, the two dangling bonds at each surface atom
are saturated by atomic hydrogen.

Figure 4.34: (b) 2x1:H reconstruction: one dangling bond of each surface atom has
formed a bond with an adjacent surface atom and the remaining dangling bonds are
saturated by hydrogen.

Figure 4.35: (c) 2x1:0 reconstruction: one oxygen atom per surface atom is bonded
to the surface and the two oxygen atoms at each dimer form one additional O-O bond.

Figure 4.36: (d) 2x1:50 reconstruction, here one oxygen atom is bonded to the two
remaining dangling bonds at each dimer.

Figure 4.37: (e) 2x l:7w-bonded reconstruction: here all dangling bonds of the ideal
surface contribute to the dimer formation such that no heteroatoms are chemically bonded
to the surface. All 2 x 1 structures shown (b-e) are consistent with the STM images shown
in literature. Caption text and figure reproduced from H.G. Busmann et al, Diamond

Relat. Mater. 1 (1992) 979.
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Models for growth of diamond on diamond(100) and surface sensitive investigation
techniques predict a 2x 1 reconstructed diamond surface with different possibilities for a
termination. Different models are compiled in figs. 4.31 [4.86], 4.32 [4.88] and 4.33-4.37
[4.70].

Figure 4.38: Two successive STM images of a 2x 1 reconstructed diamond(100) surface.
LEFT: Note the simultaneous presence of different surface structures: ’D’ denotes double
dimer rows, ’S’ indicates single dimer rows and A’ marks atomically resolved single
atomic rows. The arrow on terrace ’D’ indicates the direction of the dimer rows. S, and
Dg denote special types of steps discussed below.

Figure 4.39: RIGHT: Same area on the surface a few seconds later. Now the terrace
lying above the one labelled by 'D’ in the figure on the left is resolved into dimer rows.
The running direction of the dimer rows (arrow) is perpendicular to the one on terrace
"D’ implying the presence of a monostep.

Figure 4.38 and 4.39 show subsequently recorded STM images of the (100)2x 1 re-
construction of diamond. The atomic rows are clearly resolved. A detail is shown in fig.
4.41: the 2x 1 unit mesh is indicated by black lines. Please note some special structural
features in fig. 4.38: at the location marked by 'D’ dimer rows are observed. The dimer
rows are resolved into individual (single) atomic rows at a lower lying terrace labelled
with ’S’. The step height difference between the two terraces is 0.28 nm. This is a double
step since the dimer rows are running parallel on both terraces. The arrow indicates the
direction of the dimer rows. However, the terrace lying above the one labelled with D’
is separated by a monostep. This can be inferred from fig. 4.39 showing the same area
on the sample. The arrow in fig. 4.39 indicates the direction of the dimer rows on the
terrace lying above terrace 'D’ in fig. 4.38. Since the dimer rows on both terraces are
aligned at an angle of 90° to each other it is to be expected that the step is monatomic.
Measuring the step height actually yields 0.14 nm being compatible with a monostep.



4.3. DIAMOND 163

Using Chadi’s notation [4.71] introduced for the characterization of the Si(100)2x 1 re-
construction monosteps and double steps can be differenciated: single steps (monosteps)
always exhibit dimer rows running on both terraces being perpendicular to each other.
A step is called a S, step when the running direction on the upper terrace is parallel to
the step edge, it is termed a Spg step if the direction of the dimers is perpendicular to
the step edge. Double steps always show dimer rows running parallel on both terraces.
In case of a D, step the dimer row direction is parallel to the step edge, in case of a Dg
step it is perpendicular to the step edge. Figure 4.40 illustrates the four cases.

= S

= //
5_:/// e— =

Figure 4.40: Chadi’s notation for single and double steps on 2x 1 reconstructed Si(100).
The same applies for diamond(100)2x 1.

Figure 4.41: Detailed view of a 2x 1 reconstructed diamond(100) terrace. The unit
mesh of the reconstruction is indicated by black lines.
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Figure 4.42: Fourier space based analysis of the STM image shown above for a dis-
cussion of the distribution of Sy, Sg, Do and Dg steps in the diamond(100)2x 1 recon-
struction. TOP LEFT: Original image. TOP RIGHT: 2D-Fourier transform. An inner
circular and an outer annular region are marked. BOTTOM LEFT: Back-transform of
the annular region to real space. BOTTOM RIGHT: Back-transform of the inner region.
The presence of a preferential direction implies the dominance of Dg steps.
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Chadi has calculated that the step formation energy for S, steps is lower than for Dy,
Sp and D, steps favouring S, and Dg steps. For larger miscut angles more Dy steps are
expected to be found than D, steps (see fig. 4.38). The reason for this is that the silicon
atoms at step Sp have an extraneous dangling bond at the surface whereas the Si atoms
at Sy do not have a dangling bond [4.71]. The UHV preparation of Si(100) diminishes
the number of adatoms on the surface drastically. For that reason the situation with
diamond(100)2x 1 will be somewhat different due to the CVD preparation method at a
moderate vacuum. It is expected that available adatoms will lead to a more uniform
distribution of all types of steps. Anyway, there are energy differences for the formation
of Sy and Dg steps in diamond as well favouring the formation of Dy steps. This has
already been discussed in detail by Busmann et al. [4.70]. To tackle this question a
Fourier space based analysis of fig. 4.38 was executed. The images in fig. 4.42 show
the original image, its two-dimensional Fourier transform (with a inner circular area and
an outer annular region), and the back-transforms to direct space using the frequency
information confined in the annular and the circular area of the Fourier transform. The
back-transformed images reveal a preferential direction implying the dominance of Dg
steps due to the large miscut angle off the (100) face of approximately 5° (calculated
from a terrace width of 3 nm between Dg steps).

In some regions of fig. 4.38 also atomically resolved (single) dimer rows are observed
(see label A’ in fig. 4.38) demonstrating the complexity of the diamond(100)2x 1 sur-
face. Concluding the results it may be stated that many of the proposed models for the
diamond(100)2x 1 reconstruction (see figs. 4.31 — 4.37) are compatible with the STM
results.

4.4 Conclusion

Scanning tunneling microscopy has demonstrated its capability to study complex surfaces
with atomic resolution on traditional carbon allotropes as well. The atomic lattice im-
aged on graphite recalls that the information obtained by STM is based on the electronic
structure of a surface having a symmetry different from the atomic lattice'>. Graphite
intercalation compounds exhibit a vast variety of superstructures which reflect the elec-
tronic nature of the GIC surface as well, especially in the case where a superlattice is
imaged simultaneously with the graphitic host lattice.'?

In boron-doped diamond, imaged by STM under ambient conditions, a surface with
adatoms is encountered. The STM images may be interpreted as partly or fully oxy-
genated or hydrogenated diamond surfaces. In some cases different structures (or reso-

lution levels) are observed within a single STM image.

12The atomic lattice of graphite is of honeycomb shape with six-membered rings of carbon atoms with
a interatomic spacing of 0.142 nm. In contrast to that STM images a hexagonal lattice with a spacing
of 0.25 nm being identical to the second nearest neighbour lattice of graphite.

13The graphitic host lattice and the intercalant species are at a different distance from the surface.
STM images a superposition of both electronic structures of graphite and of the intercalant.



References

4.1]

[4.2]

[4.3]

4.4]

[4.9]

[4.10]

[4.11]

[4.12]

[4.13]
[4.14]

[4.15]

[4.16]

I.P. Batra, N. Garcia, H. Rohrer, H. Salemink and S. Ciraci, Surf. Sci. 181 (1987) 126.

D. Toméanek, S.G. Louie, H.J. Mamin, D.W. Abraham, R.E. Thomson, E. Ganz and J.
Clarke, Phys. Rev. B 35 (1987) 7790.

D. Tomének and S.G. Louie, Phys. Rev. B 37 (1988) 8327.

G. Binnig, H. Fuchs, Ch. Gerber, H. Rohrer, E. Stoll and E. Tosatti, Europhys. Lett.
1(1986) 31.

Graphite Intercalation Compounds, edited by H. Zabel and S. A. Solin. Springer Series
in Materials Science Vol. 14 (Springer Verlag New York, 1990).

Levi-Setti, G. Crow, Y . L. Wang, N. W . Parker, R. Mittleman, and D. M. Hwang,
Phys. Rev. Lett. 54 (1985) 2615.

D. M. Hwang, R. Levi-Setti, G. Crow, Y. L. Wang, N. W. Parker, R. Mittleman, X.
W. Qian, and S. A. Solin, Synth. Met. 12 (1985) 73.

S. Gauthier, S. Rousset, J. Klein, W. Sacks, and M. Belin, J. Vac. Sci. Technol. A 6
(1988) 360.

M. Tanaka, W. Mizutani, T. Nakashizu, N. Morita, S. Yamazaki, H. Bando, M. Ono,
and K. Kajimura, J. Microsc. 152 (1988) 183.

D. Anselmetti, R. Wiesendanger, V. Geiser, H. R. Hidber, and H.-J. Gintherodt, J.
Microsc. 152 (1988) 509.

D. Anselmetti, R. Wiesendanger, and H.-J. Gintherodt, Phys. Rev. B 39 (1989) 11135.

R. Wiesendanger, D. Anselmetti, V. Geiser, H. R. Hidber, and H.-J. Gintherodt, Synth.
Met. 34 (1989) 175.

S. P. Kelty and C. M. Lieber, J. Phys. Chem. 93 (1989) 5983.
S. P. Kelty and C. M. Lieber, Phys. Rev. B 40 (1989) 5856.

D. Anselmetti, V. Geiser, G. Overney, R. Wiesendanger, and H.-J. Gintherodt, Phys.
Rev. B 42 (1990) 1848.

D. Anselmetti, V. Geiser, D. Brodbeck, G. Overney, R. Wiesendanger, and H.-J.
Gintherodt, Synth. Met. 38 (1990) 157.

166



REFERENCES 167

[4.17]

[4.18]

[4.19]
[4.20]

[4.21]

[4.22]

[4.23]
[4.24]
[4.25]
[4.26]
[4.27]
[4.28]
[4.29]
[4.30]
[4.31]
4.32]

[4.33]

[4.34]
[4.35]
[4.36]

[4.37]

[4.38]

C. H. Olk, J. Heremans, M. S. Dresselhaus, J. S. Speck, and J. T. Nicholls, Phys. Rev.
B 42 (1990) 7524.

C. H. Olk, J. Heremans, M. S. Dresselhaus, J. S. Speck, and J. T. Nicholls, J. Vac. Sci.
Technol. B 9 (1991) 1055.

S. P. Kelty and C. M. Lieber, J. Vac. Sci. Technol. B 9 (1991) 1068.
S. P. Kelty, Z. Lu, and C. M. Lieber, Phys. Rev. B (to be published).

Peter Pfluger, Synthetische Metalle in der Form von Graphiteinlagerungsverbindungen,
Inauguraldissertation, Basel (1980).

Urs Michael Gubler, Photoemissions-Untersuchungen an Alkali-Graphiteinlagerungs-
verbindungen, Inauguraldissertation, Basel (1981).

A. Hérold, Bull. Soc. Chim. Fr. (1955) 999.

D.E. Nixon and G.S. Parry, J. Phys. D 1 (1968) 291.

K. Fredenhagen and G. Kadenbach, Z. allg. anorg. Chem. B 18 (1932) 1.

J. M. Soler, A. M. Baro, N. Garcia, and H. Rohrer, Phys. Rev. Lett. 57 (1986) 444.
D. M. Hwang, X. W. Qian, and S. A. Solin, Phys. Rev. Lett. 53 (1984) 1473.

G. Overney, W. Zhong, and D. Tomanek (unpublished).

C. Fretigny, D. Marchand, and M. Lagues, Phys. Rev. B 32 (1985) 8462.

A. Selloni, C. D. Chen, and E. Tosatti, Phys. Scr. 38 (1988) 297.

X. Qin and G. Kirczenow, Phys. Rev. B 39 (1989) 6245.

X. Qin and G. Kirczenow, Phys. Rev. B 41 (1990) 4976.

D. Toméanek, G. Overney, H. Miyazaki, S. D. Mahanti, and H.-J. Gintherodt, Phys.
Rev. Lett. 63, (1989) 876.

Y. Cai, J. S. Chung, M. F. Thorpe, and S. D. Mahanti, Phys. Rev. B 42 (1990) 8827.
G. Binnig, C. F. Quate, and Ch. Gerber, Phys. Rev. Lett. 56 (1986) 930.
P. C. Chow and H. Zabel, Phys. Rev. B 38 (1988) 12837.

D. M. Hwang, N. W. Parker, M. Utlaut, and A. V. Crewe, Phys. Rev. B 27 (1983)
1458.

M. Lagues, J. E. Fischer, D. Marchand, and C. Fretigny, Solid State Commun. 67
(1988) 1011.



168

[4.39]

[4.40]

[4.41]

[4.42]

[4.43]

[4.44]

[4.45]

[4.46]
[4.47]

[4.48]

[4.49]

[4.50]

[4.51]

[4.52]

[4.53]

[4.54]

[4.55]

REFERENCES

R. V. Coleman, B. Drake, P. K. Hansma, and G. Slough, Phys. Rev. Lett. 55 (1985)
394.

R. V. Coleman, B. Giambattista, P. K. Hansma, A. Johnson, W. W. McNairy, and C.
G. Slough, Adv. Phys. 37 (1988) 559.

E. Meyer, D. Anselmetti, R. Wiesendanger, H.-J. Gintherodt, F. Levy, and H. Berger,
Europhys. Lett. 9 (1989) 695.

E. Meyer, R. Wiesendanger, D. Anselmetti, H. R. Hidber, H.-J. Gintherodt, F. Levy,
and H. Berger, J. Vac. Sci. Technol. A 8 (1990) 495.

H.P. Lang, R. Wiesendanger, V. Thommen-Geiser and H.-J. Giintherodt, Phys. Rev.
B 45 (1992) 1829.

H.P. Lang, V. Thommen-Geiser and R. Wiesendanger, Ultramicroscopy 42-44 (1992)
624.

H.P. Lang, V. Thommen-Geiser and H.-J. Gintherodt, accepted for publication in J.
lig. and mol. crystals (1994).

B. V. Spitsyn, L. L. Bouilov and B. V. Derjaguin, J. Cryst. Growth. 52 (1981) 219.
S. Matsumoto, Y. Sato, M. Kamo and N. Setaka, Jpn. J. Appl. Phys., 21 (1982) L183.

M. Geiss, Proc. First Int. Symp. on Diamond and Diamond-Like Films, Electrochem.
Soc. Proc. 89-12 (1989) 404.

K. Shenai and B.J. Baliga, Proc. First Int. Symp. on Diamond and Diamond-Like
Films, Electrochem. Soc. Proc. 89-12 (1989) 405.

C. Wild, N. Herres, J. Wagner. P. Koidl and T. R. Anthony, Electrochem. Soc. Proc.
89-12 (1989) 283. Ch. Wild, N. Herres and P Koidl, J. Appl. Phys. 58 (1990).

K. Kobashi, K. Nishimura, K. .Miyata, K. Kumagai and A. Nakaue. J. Mater. Res., 3
(1990) 2469.

R. E. Clausing, L. Heatherly. E. D. Specht and K. L. More. Proc. 2nd Int. Conv. on
New Diamond Science and Technology, Materials Research Society, Pittsburgh. PA.
1991, p. 575.

C. Wild, P. Koidl, N. Herres. W Miiller-Sebert and T. Eckermann. Electrochem, Soc.
Proc., 91-8 1991) 224.

Z. L. Wang, J. Bentley, R. E. Clausing, L. Heatherly and L. L. Horton. in Y. Tzeng,
M. Yoshikawa, M. Murakawa and A. Feldman (eds.), Applications of Diamond Films
and Related Materials, Elsevier, Amsterdam. 1991, p. 489.

R. E. Clausing, L. Heatherly, L. L. Horton, E. D. Specht, G. M. Begun and Z. L.
Wang, Proc. 2nd European Conf. on Diamond. Diamond-like und Related Coatings,
Nice, 1991, in Diamond Relat. Mater., 1 (1992) 411.



REFERENCES 169

[4.56]
[4.57]

[4.58]

[4.59]
[4.60]
[4.61]
[4.62]
[4.63]
[4.64]
[4.65]
[4.66]

[4.67]

[4.68]

[4.69]

[4.70]

[4.71]

[4.72]

[4.73]

[4.74]
[4.75]
[4.76]

[4.77]

M. Frenklach and K. E. Spear, J. Mater. Res., 3 (1988) 133.
M. Frenklach, J. Appl. Phys., 65 (1989) 5142.

J. C. Angus, F. A. Buck, M. Sunkara, T. F. Groth, C. C. Hayman and R. Gat, MRS
Bull., (October 1989) 38.

S. J. Harris and A. M. Weiner, Appl. Phys. Lett., 55 (1989) 2179.

T. R. Anthony, Mater. Res. Soc. Symp. Proc., 162 (1990) 61.

S. J. Harris and A. M. Weiner, J. Appl. Phys., 67 (1990) 6520.

S. J. Harris. Appl. Phys. Lett., 56 (1990) 2298.

Y. Matsui. H. Yabe and Y. Hirose, Jpn. J. Appl. Phys., 69 (1990) 1552.

S. P. Mehandru and A. B. Anderson, Surf. Sci., 248 (1991) 369.

P. Dedk. J. Giber and H. Oechsner, Surf. Sci., 250 (1991) 287.

P. K. Bachmann. D. Leers and H. Lydtin, Diamond Relat. Mater., 1 (1991) 1.

T. Tsuno. T. Imai. Y. Nishivayashi, K. Hamada and F. Fujimori, Jpn. J. Appl. Phys.,
30 (1991) 1063.

W. Zimmermann-Edling, H.-G, Busmann, H. Sprang and I. V. Hertel., Ultramicroscopy
42-44 (1992) 1366.

H. G. Maguire, M. Kamo, H. P. Lang, E. Meyer, R. Wiesendanger and H.-J.
Gintherodt, Diamond Relat. Mater., 1 (1992) 634.

H.-G. Busmann, W. Zimmermann-Edling, H. Sprang, H.-J. Guntherodt and I.V. Hertel,
Diamond Relat. Mater. 1 (1992) 979.

D.J. Chadi, Phys. Rev. Lett. 43 (1979) 43.

R. Wiesendanger, D. Biirgler, G. Tarrach and H.-J. Giintherodt, Surf. Sci. 232 (1990)
1.

M. G. Lagally, Y.-W. Mo, R. Kariotis, B. S. Schwartzentruber and M. B. Webb, in
M. G. Lagally (ed.), Kinetics of Ordering and Growth at Surfaces, Plenum, New York,
1990.

K.E. Spear, J. Am. Ceram. Soc. 72 (1989) 171.
J.C. Angus and C.C. Hayman, Science 241 (1988) 913.
R.C. De Vries, Annu. Rev. Mater. Sci. 17 (1987) 161.

D.V. Fedosev, V.P. Varnin and B.V. Deryagin, Russ. Chem. Rev. 53 (1984) 435.



170

[4.78]

[4.79]

[4.80]
[4.81]
[4.82]

[4.83]

[4.84]
[4.85]
[4.86]

[4.87]

[4.88]

REFERENCES

A.R. Badzian and R.C. De Vries, Mater. Res. Bull. 23 (1988) 385.

K.E. Spear and M. Frenklach, Proc. First Int. Symp. on Diamond and Diamond-Like
Films, Electrochem. Soc. Proc. 89-12 (1989) 122.

M. Kamo, H. Yurimoto and Y. Sato, Appl. Surf. Sci. 33/34 (1988) 553.
P. G. Lurie and J. M. Wilson, Surf. Sci., 65 (1977) 543.
B. B. Pate, Surf. Sci., 165 (1986) 83.

T. E. Derry, C. C. P. Madiba and J. P. F. Sellschop, Nucl. Instrum. Methods, Phys.
Res. 218 (1983) 559.

T. E. Derry, L. Smit and J. F. van der Veen, Surf. Sci., 167 (1986) 502.
A. V. Hamza, G. D. Kubiak and R. H. Stulen, Surf. Sci., 206 (1988) L833.
A. V. Hamza, G. D. Kubiak and R. H. Stulen, Surf. Sci., 237 (1990) 35.

H.-G. Busmann, H. Sprang, [.V. Hertel, W. Zimmermann-Edling and H.-J. Giintherodt,
Appl. Phys. Lett. 59 (1991) 295.

R.E. Thomas, R.A. Rudder and R.J. Markunas, J. Vac. Sci. Technol. A 10 (1992) 2451.



Appendix A

List of Publications

HTSC single crystals

01

02

03

04

H.P. Lang, J.P. Ramseyer, D. Brodbeck, T. Frey, J. Karpinski, E. Kaldis, Th. Wolf:
Atomic Resolution of Single Crystalline YoBasCugyNOiayn (N=0,1,2) and laser-ablated
thin film Y BayCu307 HT,.SC by STM, Proceedings of STM’91 International Conference,
Interlaken, Ultramicroscopy 42-44 (1992) 715-720.

H.P. Lang and H.-J. Gintherodt: Surface structure of cleaved BipSr9 9MpgCusOgis sin-
gle crystals (M = Ca, La) tmaged by STM, Helv. Phys. Acta 66 (1993) 65-66.

J. Karpinski, H. Schwer, K. Conder, E. Jilek, E. Kaldis, C. Rossel, H.P. Lang, T. Bau-
mann: High ozygen pressure (Po, < 3000 bar) synthesis and properties of YBaCuO
Phases, Proceedings of World Congress on Superconductivity, Munich, Applied Super-
conductivity, 1 (1993) 333-349.

H.P. Lang, J. Karpinski, E. Kaldis, J.-P. Ramseyer and H.-J. Guntherodt: Atomic force
microscopy study of the fractal shape of residual barium cuprate / copper ozide fluz on the
surface of YoBasCu7015 and Y BasCuy0g single crystals, J. Vac. Sci. and Technology,
Proc. STM’93 International Conference, Beijing, will be published (1994).

YBCO thin films

05

06

07

08

H.P. Lang, T. Frey and H.-J. Gintherodt: Atomic Resolution and Nanostructure of
Y BayCu307 Laser-Ablated Thin Films Studied by Scanning Tunneling Microscopy (STM),
Europhys. Lett. 15 (1991) 667-670.

H.P. Lang, T. Frey, R. Sum and H.-J. Giintherodt: Atomic Resolution and Nanostructure
of YBaoCu3O7_gs Laser-Ablated Epitazial Thin Films on Various Substrates Studied by
Scanning Tunneling Microscopy, in EMRS/ICAM ’91 Proceedings, High T, Superconduc-
tor Thin Films, L. Correra (Editor), Elsevier Science Publishers B.V. (1992) 789-794.

H.P. Lang, T. Frey, R. Sum and H.-J. Gintherodt: Atomic Resolution and Nanostructure
of REBayCu307_s (RE=Er, Eu, Ho and Y) Laser-Ablated High T. Superconductor Films
Studied by Scanning Tunneling Microscopy, L’actualité chimique, Mars-Avril 1992, 165-
167, (Proc. Nanoscope Users Meeting, Mulhouse 1991, p. 8.).

H.P. Lang, H. Haefke, G. Leemann and H.-J. Gintherodt: A Study of Growth and Struc-
ture of YBagCu3Or_g Thin Films, Conference Proceedings of 3" International Sympo-

238



09

10

11

12

13

14

15

16

17

18

19

20

21

239

sium On Trends and New Applications in Thin Films (TATF 1991), Strasbourg, Le Vide,
les Couches Minces - Supplément au n°® 259 (1991) 38-40.

D.G. Schlom, D. Anselmetti, J.G. Bednorz, R. Broom, A. Catana, T. Frey, Ch. Ger-
ber, H.-J. Gintherodt, H.P. Lang, J. Mannhart: Screw Dislocation Mediated Growth of
Sputtered and Laser-Ablated YBayCu3zOy_s Films, Z. Phys. B 68 (1992) 163-175.

F. Baudenbacher, K. Hirata, P. Berberich, H. Kinder, W. Assmann, and H. P. Lang:
Eztremely smooth YBCO-Films on MgO with high critical current densities, Physica C
185-189 (1991) 2177-2178.

H. Haefke, H.P. Lang, G. Leemann, and H.-J. Guntherodt: Preparation of
Y1 BasCu3O7_5 thin films with thickness gradients for studying different growth stages by
scanning tunneling microscopy, Appl. Phys. Lett. 60 (1992) 3054.

H.P. Lang, H. Haefke, G. Leemann, and H.-J. Guntherodt: Scanning Tunneling M-
croscopy Study of different growth stages of Y BasCu3O7_s thin films, Physica C 194
(1992) 81-91.

H.P. Lang, H. Haefke, G. Leemann and H.-J. Gintherodt: Surface structure of thick
Y BayCu307_s films, Helv. Phys. Acta 65 (1992) 864-865.

H. Haefke, H.P. Lang, R. Sum and H.-J. Gintherodt, L. Berthold and D. Hesse: M g2T704
as a novel substrate for high-temperature superconducting thin films, Appl. Phys. Lett.
61 (1992) 2359-2361.

H.P. Lang, R. Sum, J.-P. Ramseyer, H. Haefke and H.-J. Giintherodt: STM study of
Y BayCu3z07_g thin film growth on MgO(001), Proc. ICMAS-92, Paris (21-22 Oct. 92)
p. 209-213.

D. Hesse, L. Berthold, H. Haefke, H.P. Lang, R. Sum, and H.-J. Gintherodt: Structure
and growth of Y BayCu3O7_g thin films on M g,T104(001), I. Growth condiiions and film
structure: transmission eleciron microscopy, Physica C 202 (1992) 277-288.

H.P. Lang, H. Haefke, R. Sum, H.-J. Gintherodt, L. Berthold, and D. Hesse: Struc-
ture and growth of Y BayCu3zO7_g thin films on M goT104(001), II. Surface morphology:
scanning probe methods, Physica C 202 (1992) 289-297.

H. Haefke, H.P. Lang, R. Sum, H.-J. Gintherodt, L. Berthold, and D. Hesse: Growth
and structure of Y BaoCu3zO7_s thin films studied by scanning tunneling and electron
microscopy, Thin solid films 228 (1993) 173-177.

L. Berthold, D. Hesse, R. Sum, H.P. Lang, H. Haefke, and H.-J. Giintherodt: Structure
and growth of Y BapCuzOr_s thin films on M gyT104(001) - Part I: Growth conditions
and film structure, Helv. Phys. Acta 66 (1993) 61-62.

R. Sum, H.P. Lang, H. Haefke, H.-J. Giuntherodt, L. Berthold and D. Hesse: Structure
and growth of YBagCu3Or7_s thin films on M gyTi04(001) - Part II: Orientation and
growth morphology, Helv. Phys. Acta 66 (1993) 63-64.

H.P. Lang, R. Sum, H. Haefke, and H.-J. Gintherodt: Surface Morphology of Y BasCu307_s
Thin Films on SrTi03(100) Studied by Scanning Tunneling Microscopy, Journal of Alloys
and Compounds, 195 (1993) 97-100.



240

22

23

24

25

26

27

28

29

30

APPENDIX A. LIST OF PUBLICATIONS

D. Hesse, L. Berthold, R. Sum, H.P. Lang, H. Haefke and H.-J. Guntherodt: Bulk and
surface structure of epitazial Y BayCuszO7_s thin films grown on M goT104(001) substirate
layers: Part I. Bulk structure investigated by TEM, Journal of Alloys and Compounds,
195 (1993) 109-112.

R. Sum, H.P. Lang, H. Haefke, L. Berthold, D. Hesse, and H.-J. Guintherodt: Bulk and
surface structure of epitazial Y BayCu3zO7_s thin films grown on M goTi04(001) substrate
layers: Part II. Orientation and surface structure, Journal of Alloys and Compounds, 195
(1993) 113-116.

K. Hirata, F. Baudenbacher, H.P. Lang, H.-J. Gintherodt and H. Kinder: Scanning
Tunneling Microscopy Study on Y BasCu307_s Films with Growth Stop by observing Re-
flection High-Energy Electron Diffraction Oscillations, Journal of Alloys and Compounds,
195 (1993) 105-108.

H. Kinder, F. Baudenbacher, P. Berberich, S. Corsepius, O. Eibl, H.J. Gintherodt, K. Hi-
rata, H.P. Lang, W. Prusseit, and M. Zwerger, Epitazial YBCO Films on MgO, SrTiO3,
St and GaAs by thermal co-evaporation, in: Electronic properties of High-T. supercon-
ductors, ed. H. Kuzmany, M. Mehring, J. Fink, Springer Series in Solid State Sciences,
Vol. 113 (1993) 45-49.

R. Sum, R. Liithi, H.P. Lang, and H.-J. Gintherodt: Single crystal substrates for thin
film growth of HT,SC studied by scanning force microscopy, Helv. Phys. Acta 66 (1994)
883-884.

H.J. Scheel, C. Klemenz, F.-K. Reinhart, H.P. Lang and H.-J. Guntherodt: Monosteps
on eziremely flat LPE-grown surfaces of YBayCu3O7_,, Appl. Phys. Lett. (1994),
submitted.

R. Sum, R. Liithi, H.P. Lang and H.-J. Gintherodt: Scanning force microscopy on pol-
ished single crystalline SrTi03(100) substrates used for high T. superconductor thin film
deposition, Proceedings M?S-HTSC IV, Grenoble 1994 (submitted).

H.P. Lang, R. Sum, N.D. Zakharov, D. Hesse, J.-P. Ramseyer and H.-J. Guntherodt:
ErBas Cuy Og(001) Thin Films Studied by Scanning Tunneling Microscopy and High Res-
olution Transmission Electron Microscopy, Proceedings M?S-HTSC IV, Grenoble 1994
(submitted).

R. Sum, H.P. Lang and H.-J. Gintherodt: Pulsed laser deposition and nanometer scale
characterization of YBag CuszO7_gs thin films by scanning probe methds, Proceedings E-
MRS Spring 1994 (submitted).

Graphite Intercalation Compounds

31

32

H.P. Lang, V. Thommen-Geiser, and R. Wiesendanger: Scanning Tunneling Microscopy
Study of Ternary Alkali-Metal Graphite Intercalation Compounds, Proceedings of STM’91
International Conference, Interlaken, Ultramicroscopy 42-44 (1992) 624-629.

H.P. Lang, R. Wiesendanger, V. Thommen-Geiser, and H.-J. Gintherodt: Atomic Res-
olution Surface Studies of Binary and Ternary Alkali-Metal-Graphite Intercalation Com-
pounds by Scanning Tunneling Microscopy, Phys. Rev. B 45 (1992) 1829-1837.



241

33 H.P. Lang, V. Thommen-Geiser and H.-J. Giuntherodt: Atomic resolution surface imaging
of binary and ternary stage 1 alkali metal graphite intercalation compounds by scanning
tunneling microscopy, ISIC 7 Proceedings, accepted for publication in: Journal of liquid
and molecular crystals (1994).

Diamond

34 H.G. Maguire, M. Kamo, H.P. Lang, H.-J. Gintherodt: Localised Structure in Non-
Conducting and Conducting Homoepitazial Diamond Films, Ultramicroscopy 42-44 (1992)
689-695.

35 H.G. Maguire, H.P. Lang, M. Kamo: Tunneling and Force Microscopy of Various Dia-
mond Surfaces, Proc. 42" Diamond Conference, Oxford 1991, 3.1.

36 H.G. Maguire, M. Kamo, H.P. Lang, E. Meyer, R. Wiesendanger, H.-J. Guntherodt: The
structure of conducting and non-conducting homoepitazial diamond films, Proc. 2nd Conf.
on Diamond and Related Materials. Diamond and Related Materials 1 (1992) 634-638.

37 H.G. Maguire, M. Kamo, H.P. Lang, and H.-J. Gintherodt: Surface Morphology Determi-
nation of LPCVD Homoepitazial Diamond Using Scanning Tunneling and Atomic Force
Microscopy, 15¢ Intl. Symp. on Atomically Controlled Surfaces and Interfaces (1991)
Tokyo, Japan, Applied Surface Science 60/61 (1992) 301-307.

38 H.G. Maguire, M. Kamo, H.P. Lang, and H.-J. Guntherodt: Surface morphology of Ep:i-
tazial Diamond in tribology, Nordtrib ’92, Tribologia volume 11, 2 (1992) 243.

39 H.G. Maguire, H.P. Lang, and H.-J. Gintherodt: Scanning Probe Microscopy Determi-
nation of Homoepitazial Diamond Surface Morphology, Proc. 43™ Diamond Conference,
Cambridge 1992, to be published.

40 H.G. Maguire, M. Kamo, H.P. Lang and H.-J. Guintherodt, Multiphase surface morpholo-
gies of doped homoepitazial diamond films, Applied Surface Science 75 (1994) 144-150.

Fullerenes

41 M. Kraus, S. Gartner, M. Baenitz, M. Kanowski, H.M. Vieth, C.T. Simmons, W. Kratschmer,
V. Thommen, H.P. Lang, H.J. Giintherodt, and K. Liders: Investigations on supercon-
ducting RbTly 5 - doped fullerene, Europhys. Lett. 17 (1992) 419-422.

42 H.P. Lang, V. Thommen-Geiser, J. Frommer, A. Zahab, P. Bernier, and H.-J. Giintherodt:
Scanning tunneling microscopy study of Cgo on polycrystalline platinum, Europhys. Lett.
18 (1992) 29-32.

43 H.P. Lang, K. Luders, R. Wiesendanger, M. Kraus, S. Gartner, W. Kratschmer, and H.-
J. Gintherodt: Scanning Tunneling Microscopy Study of granular Cgo and (M Tl 5)3Ce0
(M=K,Rb), Physica B 182 (1992) 223-226.

44 H.P. Lang, V. Thommen-Geiser, C. Bolm, M. Felder, J. Frommer, R. Wiesendanger, R.
Schlogl, A. Zahab, P. Bernier, G. Gerth, D. Anselmetti, and H.-J. Giuntherodt: Determi-
nation of Cgo / C7o Ratios in Fullerene Miztures and Film Characterization by Scanning
Tunneling Microscopy, Appl. Phys. A 56 (1993) 197-205.



242

45

46

47

48

49

50

51

52

53

54

55

APPENDIX A. LIST OF PUBLICATIONS

S. Behler, H.P. Lang, S. Pan, V. Thommen-Geiser, and H.-J. Gintherodt: Imaging Cgo
fullerite at 4.5 K by scanning tunneling microscopy, Z. Phys. B (Rapid Note) 91 (1993)
1-2.

H.P. Lang, V. Thommen-Geiser, R. Hofer and H.-J. Gintherodt: Surface imaging by
scanning tunneling microscopy of Ceg/7o thin films on Au(111) with different Coo / Cro
ratios, in Electronic Properties of Fullerenes, Springer Series in Solid-State Sciences 117
(ed. H. Kuzmany, J. Fink, M. Mehring, S. Roth), pp. 228-231 (1994).

S. Behler, H.P. Lang, S.H. Pan, V. Thommen-Geiser, R. Hofer, M. Bernasconi and H.-J.
Giuntherodt: Low temperature scanning tunneling microscopy study of Cgo fullerite, in
Electronic Properties of Fullerenes, Springer Series in Solid-State Sciences 117 (ed. H.
Kuzmany, J. Fink, M. Mehring, S. Roth), pp. 232-235 (1994).

H.P. Lang, V. Thommen-Geiser and H.-J. Gintherodt: Scanning tunneling microscopy
study of fullerene thin films on Auw(111). ISIC 7 Proceedings, accepted for publication in:
Journal of liquid and molecular crystals (1994).

H.P. Lang, V. Thommen-Geiser, K. Liiders, M. Kraus, M. Baenitz and H.-J. Gunthe-
rodt: Scanning tunneling microscopy study of granular intercalated fulleremes, ISIC 7

Proceedings, accepted for publication in Journal of liquid and molecular crystals (1994).

H.P. Lang, K.M. Heeger, V. Thommen-Geiser, and H.-J. Gintherodt: Determination of
the C79/Cgo Ratio on fullerene thin films in dependence on the sublimation distance and
the subsirate temperature using scanning tunneling microscopy, will be published in: Phil.
Mag. B (1994).

H.P. Lang, R. Wiesendanger, V. Thommen, R. Hofer and H.-J. Guntherodt: Local Trans-
formation of Cgy fullerite into ¢ new amorphous phase of carbon using o« STM, J. Vac.

Sci. and Technology, Proc. STM’93 International Conference, Beijing, will be published
(1994).

R. Lithi, H. Haefke, E. Meyer, L. Howald, H.P. Lang, G. Gerth and H.-J. Gintherodt:
Frictional and atomic-scale study of Cgg thin films by scanning force microscopy, will be
published in: Z. Phys. B (1994).

St. Kluthe, J. Roos, M. Mali, D. Brinkmann, H.P. Lang, V. Thommen-Geiser, H.-J.
Giintherodt: '3C NMR in Rb3Csy samples — temperature and pressure dependence of
the relazation, will be published in the proceedings of Kirchberg Intl. Winter School on
Fullerenes (1994).

M. Warden, R. Schauwecker, P. Erhart, V.A. Ivanshin, H. Keller, H.-J. Giuntherodt, H.P.
Lang and V. Thommen-Geiser: Magnetic and superconductivity properiies of RbsCgo,
Proceedings M?S-HTSC IV, Grenoble 1994 (submitted).

G. Els, P. Lemmens, G. Gintherodt, H.P. Lang, V. Thommen-Geiser and H.-J. Giintherodt:
Determination of the Superconducting Energy Gap of Rb3Cgy by Raman Scattering, Pro-
ceedings M?S-HTSC IV, Grenoble 1994 (submitted).



243

Miscellaneous

56 J. Eitle, P. Gantenbein, H.P. Lang and P. Oelhafen, E. Zuberbiihler, D. Mathys and R.
Guggenheim: Properties of Spectral Selective Nb-Films, Proc. International Symposium
on Optical Materials Technology for Energy Effiency and Solar Energy Conversion XI,
May 18-22, 1992, Toulouse-Labege (France).

57 D. Anselmetti, M. Dreier, J. Frommer, J. Funfschilling, G. Gerth, H.-J. Gintherodt,
H. Haefke, H.-R. Hidber, L. Howald, H.J. Hug, T.H. Jung, H.P. Lang, R. Luthi, E.
Meyer, A. Moser, I. Parashikov, P. Reimann, T. Richmond, M. Riietschi, H. Rudin,
U.D. Schwarz, U. Staufer, R. Sum (editor: U. Dammer), Scanning Probe Microscopy for
Industrial Applications: Selected ezamples, Scanning 15 (1993) 257.

58 H.P. Lang, A. Rossberg, M. Piechotka and E. Kaldis: Layer-by-layer etching of mercuric
iodide crystals in the atomic force microscope, J. Cryst. Growth (submitted).



Appendix B

Oral presentations

HTSC single crystals

T01 16.8.91: Atomic resolution of single crystalline YBCO 246+N (N=0,1,2) and laser-ablated
YBCO 123 films by STM, STM ’91 International Conference, Interlaken.

T02 12.9.91: STM Uniersuchungen an YBCO 246+N (N=0,1,2) Einkristallen, Seminarvor-
trag ETH Zirich Honggerberg.

T03 1.10.92: Surface Structure of Cleaved BiaSre oMy sCu20s4s Single Crystals (M=Ca, La)
imaged by Scanning Tunneling Microscopy, SPG Basel (Reunion d’Automne, 1992).

T04 12.8.93: AFM study of the fractal shape of residual BaCuO, fluz on the surface of
Y9BasCu7015 and Y BaoCugsOg single crystals, Tth International Conference on Scan-
ning Tunneling Microscopy, Beijing (China).

YBCO thin films

T05 26.4.91: Atomare Auflésung und Nanostruktur von laser-ablatierten YBCO Hochtemper-
atursupraleiterfilmen mit STM, Karlsruher HT .SL Treffen, Karlsruhe (Deutschland).

T06 29.5.91: Atomic resolution and nanostructure of laser-ablated thin YBCO films studied by
STM, EMRS/ICAM 91 Spring Meeting, Strasbourg (France).

T07 10.7.91: Atomic resolution and nanostructure of laser-ablated thin REBCO films studied
by STM, Nanoscope User Meeting 91, Mulhouse (France).

T08 29.11.91: STM an YBCO Oberflachen, Seminarvortrag an der Technischen Universitat
Minchen (Gruppe Prof. H. Kinder).

T09 23.1.92: Beziechungen zwischen Mikrostruktur und supraleitenden Eigenschaften der Hochtem-
peratursupraleiter, Supra 24+ Workshop, Gwatt.

T10 17.3.92: Abbildung atomarer Stufen- und Gittersirukiuren auf laserablatierten
Y BayCu3zO7_gs Filmen mit dem Rastertunnelmikroskop, Frihjahrstagung der DPG 1992
in Regensburg.

T11 8.4.92: Different growth stages of thin Y BaoCu3zO7_s films observed by STM, SPG Neuchatel
(Reunion de printemps, 1992).

244



245

T12 9.4.92: STM Untersuchung verschiedener Wachstumsstadien dinner Y BasCu307_s Schichten,
HTcSL Treffen Karlsruhe (Deutschland).

T13 21.10.92 STM study of Y BasCu3O7_s thin film growth on MgO(001), ICMAS 92, Paris.

T14 3.11.92 Surface Morphology of Y BasCu3zO7_g thin films on SrTi03(100) studied by STM/SFM.
E-MRS Fall Meeting, Strasbourg.

T15 7.6.93: Rastertunnelmikroskopie an Hochtemperatursupraleiter-Schichten und -Einkristallen,
Seminarvortrag, Institut fir angewandte Physik, Univ. Hamburg, Deutschland.

T16 29.10.93: Beitrage der Rastersensormikroskopie zur Untersuchung der HTSL, Ziircher
Hochschul-Industrie Seminar, ETH Ziirich.

T17 18.2.94: Zusammenhdnge zwischen Mikrostruktur und makroskopischen Eigenschaften der
HTSL - RHEED Oszillationen und MXPS, NFP 30 Workshop, ABB Baden Dattwil.

T18 22.3.94: Abbildung der atomaren Sirukiur der YBCO(001) Oberfliche mit Rastertun-
nelmikroskopie und Interpretation mit monochromatischer Rontgenphotoemission, DPG
Frihjahrstagung 1994, Minster, Deutschland.

Graphite Intercalation Compounds

T19 16.8.91: STM study of binary and ternary alkali-metal GICS, STM ’91 International
Conference, Interlaken.

T20 17.3.92: Abbildung der Oberflachenstrukiur von undotierten und alkalimetalldotierten Cgg
Filmen mit dem Rastertunnelmikroskop und Vergleich mit Stufe 1 Alkalimetall Graphitein-
lagerungsverbindungen (AM-GEV), Frihjahrstagung der DPG 1992 in Regensburg.

Fullerenes

T21 30.1.93: Preparation of thin fullerene films on Au(111) and characterization by STM,
Edgar-Lischer Seminar, Serneus (CH).

T22 24.3.93: Real space surface structure of fullerene thin films on Au(111) imaged by scanning
tunneling microscopy, SPG Herbsttagung, Neuchatel.

T23 2.4.93: Surface structure of thin fullerene films on Au(111) imaged by scanning tunnel-

gth

ing microscopy: Determination of the Cgg / C7g ratio. 1 General conference of the

Condensed Matter Division, European Physical Society, Regensburg, 1993.

T24 9.6.93: STM an Fullerenen, Seminarvortrag, Max-Planck-Institut fir Mikrostruktur-
physik, Halle, Deutschland.

T25 14.6.93: Neue STM Resultate an HTc’s und Fullerenen, Seminarvortrag, Fachbereich
Experimentalphysik, Freie Universitat Berlin, Berlin, Deutschland.

T26 13.8.93: Local transformation of Cgg fullerite into a new amorphous form of carbon using
a STM, Tth International Conference on Scanning Tunneling Microscopy, Beijing (China).

T27 24.3.94: Bestimmung des C(70)/C(60) Verhilinisses in dinnen Fullerenschichten mit
Rastertunnelmikroskopie in Abhdngigkeit von Substrattemperatur und Sublimationsdis-
tanz, Frihjahrstagung der DPG 1994 in Miinster, Deutschland.



Appendix C

Poster presentations

HTSC single crystals

pPo1

P02

Po3

J. Karpinski, S. Rusiecki, E. Kaldis, S. Jilek, H.P. Lang: High ozygen pressure investi-
gations in the YoBasCugynNOia4N fomily, Poster presented at EMRS/ICAM '91, Stras-
bourg, 29.5.91

J. Karpinski, E. Kaldis, H.P. Lang, C. Rossel, Single crystals of the Double Chain Com-
pounds YoBaysCurOi44,; Growth and Characterization. Poster presented at EMRS 92
Fall Meeting, Strasbourg (France), 5.11.92.

H.P. Lang, J. Karpinski, E. Kaldis, T. Wolf, H.-J. Guntherodt: Atomic resolution imaging
of YaBasCugiNO1a+N (N=0,1,2) High T, superconductors by STM, Poster presented at
HT.SL Treffen, Karlsruhe, 24.10.91.

YBCO thin films

Po4

P05

Pos6

pPo7

pPo8

H.P. Lang, T. Frey, R. Sum, G. Leemann, E. Kaldis, J. Karpinski, T. Wolf, H. Haefke,
J.P. Ramseyer, S. Siegmann, and H.J. Gintherodt: Structural Investigation of High T,
superconductors by Scanning Tunneling Microscopy, Poster presented at the 15F Gwatt
Workshop on the Phenomenology of superconductivity, Gwatt, 18.11.91.

H.P. Lang, R. Sum, J.P. Ramseyer and H.J. Gintherodt: Beziehungen zwischen Mikrostruk-
tur und supraleitenden Figenschaften der Hochtemperatursupraleiter,
Supra 2+ Workshop, Gwatt, 23.1.92.

K. Hirata, F. Baudenbacher, H.P. Lang, H.-J. Gintherodt, H. Kinder, STM study on
Y BasCu3O7_, films with growth stop by observing Reflection High-Energy Electron Diffrac-
tion Oscillations. Poster presented at EMRS 92 Fall Meeting, Strasbourg (France),
4.11.92.

L. Berthold, D. Hesse, R. Sum, H. Haefke, H.P. Lang, H.-J. Guntherodt, Structure and
Growth of Y BasCu3zO7_s thin films on M g2T304(001): Growth conditions and film siruc-
ture; Transmission electron microscopy. Poster presented at EMRS 92 Fall Meeting,
Strasbourg (France), 6.11.92.

R. Sum, H.P. Lang, H. Haefke, H.-J. Gintherodt, L. Berthold, D. Hesse, Structure and
Growth of Y BapCu3Or_s thin films on M g,T104(001): Surface morphology; Scanning
probe methods. Poster presented at EMRS 92 Fall Meeting, Strasbourg (France), 6.11.92.

246



247

P09 H.P. Lang, R. Sum, J.P. Ramseyer and H.J. Guntherodt: Strukturelle Untersuchungen
an dinnen laserablatierten Y BasCu3O7_s Schichten, Poster, NFP 30 Workshop ABB
Baden, 5.2.93.

P10 R. Sum, H.P. Lang, H. Haefke, H.-J. Gintherodt, L. Berthold and D. Hesse, Surface
morphology of Y BasCugzO7_s thin films on {001} faces of SrTi03, MgO and M g3Ti04
3th

studied by Scanning Tunneling Microscopy, 1 General conference of the Condensed

Matter Division, European Physical Society, Regensburg, 1.4.93.

P11 R. Sum, R. Lithi, H.P. Lang und H.-J. Gintherodt: Untersuchung der Nanostrukiur
dinner YBCO Schichten und deren Subsirate mittels Rastersensormikroskopie. Doktoran-
dentreffen Nanotechnologie, Hasliberg, Schweiz, 14.4.94.

Graphite Intercalation Compounds

P12 H.P. Lang, V. Thommen-Geiser and H.-J. Gintherodt: Atomic resolution surface imag-
ing of binary and ternary stage 1 alkali metal graphite intercalation compounds by scan-
ning tunneling microscopy. ISIC 7 (7th International Symposium on Intercalation Com-
pounds), Louvain-la-Neuve, Belgique, 10.5.93.

Diamond

P13 H.G. Maguire, H.P. Lang, M. Kamo and H.-J. Guntherodt: Localized structure of ho-
moepitazial diamond, Poster presented at STM’ 91, Interlaken, 13.8.91

Fullerenes

P14 S.Behler, H.P. Lang, S.H. Pan, M. Bernasconi, V. Thommen-Geiser and H.-J. Gintherodt:
Imaging Cgo Fullerenes at 4.5 K by Scanning Tunneling Microscopy, International Win-
terschool on Electronic Properties of Novel Materials, Fullerenes and related compounds,
Hotel Sonnalp, Kirchberg (Tyrol), Austria, 9.3.93.

P15 H.P. Lang, V. Thommen-Geiser and H.-J. Gintherodt: Surface tmaging by scanning
tunneling microscopy of thin fullerene films on Au(111) with different Cgy / C7o ratios.
International Winterschool on Electronic Properties of Novel Materials, Fullerenes and

related compounds, Hotel Sonnalp, Kirchberg (Tyrol), Austria, 9.3.93.

P16 H.P. Lang, V. Thommen-Geiser and H.-J. Gintherodt: Scanning tunneling microscopy
study of fullerene thin films on Au(111). ISIC 7 (7th International Symposium on Inter-
calation Compounds), Louvain-la-Neuve, Belgique, 13.5.93.

P17 H.P. Lang, V. Thommen-Geiser und H.-J. Gintherodt: Abbildung und Modifikation dinner
C(60/70) Schichtien auf Nanometerskala mit dem STM. Doktorandentreffen Nanotech-
nologie, Hasliberg, Schweiz, 15.4.94.



Appendix D

Acknowledgements

This work has been realized by contributions and efforts of many, not only of mine. First of all
I would like to thank Prof. H.-J. Guntherodt, my tutor for the PhD thesis, for his continuous
interest in my work and for generously providing me technical equipment and support whenever
this was needed. His encouragement to do front-end-research and the possibility to attend many
scientific conferences I highly appreciated.

I would like to thank Prof. H. Rudin for co-refereeing this thesis.

Funding has been received from the Swiss National Science Foundation, the Kommission
zur Forderung der Wissenschaftlichen Forschung (KWF) and from Basel-Stadi.

I would like to thank my current and former collegues from the Basel superconductivity
group for collaboration, stimulating discussions and assistance. Especially, I thank Robert Sum
for the instantaneous and continuous preparation of HTSC thin films by pulsed laser deposi-
tion. His efforts in proof reading this thesis text and his skills to solve any ATRpX problem I
could think of, were essential. I am grateful to Jean-Pierre Ramseyer who prepared various
types of bulk superconductors and constructed many practical tools, also for preparing many
ink-drawings and critically reading the thesis text. Nils Detlefsen and Dirk Noy contributed
during their pre-graduate works interesting new results. The fundamentals of the present work
have been established by the former members of this group: Harald Jenny, Tony Frey, Gerhard
Leemann, Stefan Gutzwiller, Stephan Schiegg, Stefan Siegmann and Stephan Clerc. I especially
emphasize the continuous efforts by Tony Frey in the preparation of HTSC thin films, even at
night using Prof. J.P. Maier’s laser at the Basel Physics Chemistry Institute.

Without the continuous effort of Vreni Thommen-Geiser the fullerene and GIC’s research
would not have been possible. Her skills in preparing alkali-metal doped fullerenes and graphites
are a valuable advantage.

From the former and current members of the Basel STM/AFM group I have learnt many

hints and enjoyed many fruitful discussion:
D. Anselmetti, A. Baratoff, St. Behler, M. Bernasconi, Th. Bonner, M. Bopp, D. Brodbeck, D.
Birgler, R. Buser, U. Dammer, M. Dreier, L. Eng, O. Fritz, J. Frommer, W. Guimannsbauer,
P. Gritter, H. Haefke, H. Heinzelmann, S. Hild, R. Hofer, L. Howald, H. Hug, P. Jess, Th.
Jung, Th. Lacoste, R. Lithi, A. Meizner, E. Meyer, A. Moser, G. Overney, R. Overney, S.
Pan, I. Parashikov, P. Reimann, T. Richmond, M. Ruetschi, L. Scandella, Th. Schaub, U.
Schwarz, U. Staufer, B. Stiefel, P. Streckeisen, R. Sum, G. Tarrach, K. Terashima, A. Wadas,
R. Wiesendanger, A. Wolf, W. Zimmermann-Edling.

Thanks to former or current members of other groups in this institute, especially to: I
Amstutz, Th. Enderle, R. Lapka, B. Walz, D. Wirz, Th. Zingg, B. Zurfiuh.

248



249

A special thank is due to the creators of the magnificient SXM image processing software:
D. Brodbeck, D. Burgler, R. Hofer and G. Tarrach. Especially the efforts by Remo Hofer was
been appreciated. He incorporated within very short time any additional subroutines in the
SXM program which were needed to process my data.

Many manuscripts have been improved by the knowledge of H. Haefke, J. Frommer and T.
Richmond.

I express my thank to the electronic workshop, directed by H.R. Hidber, who patiently
answered my questions related to VAX-VMS, and the former and current co-workers: R. Maf-
fiolini, M. Monfreda, D. Miller, S. Riegg, R. Schnyder, A. Tonin. The mechanical workshops,
that of P. Cattin and co-workers, especially W. Roth, and that of H. Breitenstein and his
co-worker S. Messmer, who realized many essential constructions. P. Reimann prepared some
BSCCO samples by melt-spinning and splat-cooling. Not to forget is the work by P. Schmid
and H. Dingnis.

I very much appreciated the collaboration of J. Vetter in administrative concerns.

I acknowledge following former and current collaborations:

— Aachen, RWTH, II. Phys. Institut: G. Els and G. Guntherodt, Raman scattering and DC-
SQUID experiments on Rb3Cgg.

— Basel, Institute of Physics: S. Behler, S. Pan, P. Jess, low temperature STM on Rb3Cgp.

— Basel, Institute of Physics: H.-G. Boyen, P. Gantenbein, P. Oelhafen. MXPS on YBCO.

— Basel, Institute of Physics: R. Luthi, friction force microscopy.

— Basel, Institute of Physics: R. Seydouz, P. Sireckeisen, A. Mazitoff, NMR on Cgy and Rb3Cgg.
— Basel, Institute of Organic Chemistry: M. Felder, C. Bolm, HPLC on Cgg/70.

— Basel, Instutute of Physical Chemistry: S. Schlag, fine-grained YBCO.

— Berlin, FU: M. Kraus, M. Baenitz, M. Kanowski, K. Liders, AC-susceptibility, DC-SQUID
and NMR on doped fullerenes.

— Frankfurt, Institute of Inorganic Chemistry: R. Schlogl, H. Werner, granular Cgg.

— Frankfurt, HOECHST AG: P. Haussler, B. Schulte, MOCVD YBCO films.

— Halle, MPI Mikrostrukturphysik: L. Berthold, D. Hesse, S. Sens, TEM, MgoTiO4.

— Halle, MPI Mikrostrukturphysik: G. Gerth, Au films on mica.

— Hamburg, Institute of Applied Physics: R. Wiesendanger.

— Lausanne, EPFL Cristallogenese, C. Klemenz, H.J. Scheel, LPE YBCO.

— Minchen, TU Garching, F. BAudenbacher, K. Hirata, H. Kinder, MBE YBCO.

— Nottingham, Trent University, H.G. Maguire, diamond.

— Zurich, ETHZ, J. Karpinski, E. Kaldis, YBCO 124 and 247 single crystals.

— Zurich, ETHZ, A. Rossberg, M. Piechotka, E. Kaldis Hgls.

— Zirich, Physikinstitut, R. Schauwecker, D. Zech, Ph. Zimmermann, St. Lee, M. Warden, St.
Kluthe, P. Erhart, H. Keller, DC-SQUID, SR, ESR, NMR on Rb3Cgg.

Many interesting discussions are related to D. Tomdnek (Michigan State University), J.B.
Suck and J. Halbritter (KfK Karlsruhe).

I am grateful to R. Guggenheim, D. Matiis, E. Zuberbihler and M. Diggelin from the Basel
Laboratory for Scanning Electron Microscopy for some SEM images and the donation of the
Cambridge SEM, which is now operated in the Physics Institute.

Finally, I thank my relatives for supporting me during my studies: my mother and my
father — who died in 1983 and 1991 — my sister Elisabeth, Gerold Scherrer and my girl-friend

Ruth Niesch who have contributed to this work in their special way.



Index

(SIBiO)z(CHOzC&)n_lcuO4, 22
BMIB(CuOZCa)n_l CHOQ, 22
BaCuO, / CuO flux, 30, 36, 37, 40
BiZSrgCagCugolo, 20
BizSIQLa,Clleg, 56

CuO, planes, 24
Hg,Ba,Ca;Cu30g, 20
L31.85B30.15CUO47 20

T, vs. year, 21
TlgBaQCazcu;),Olo, 20
YBaZCu307_5, 20
YBa,;Cuy0g, thick crystals, 18
Y2B3,40116+N014+N, 22

sp? hybridization, 25

sp> hybridization, 25
(Sr0,7Ca0,3)0_9Cu2, 20
(CS,Rb)gCGO, 224

(K,T1)3Cs0, 224

(Rb,T1)3Cs0, 224

A-B signal, 16

C-D signal, 16

Activity, 75

Ad-atom, 66

AFM, 15

Allotropes, 25

Amorphous carbon, 25

Amorphous carbon, bonding-type distri-
bution, 222

Angle resolved photoemission, 115

Angular distribution function, 219

Applications of HTSC, 232

Archimedian spiral, 73

Argon glove box, 55, 143

Atomic force microscopy, 15

Au(111) film preparation, 183

250

Azimute angle, 80

Backscattered electrons, 12
Backward scan, 16, 42

BCF theory, 73

Bi2212, 48

Binary GIC’s, 141, 144

Box counting method, 38
Bragg-Brentano geometry, 80
BSCCO 2212, 48

BSCCO 2212 atomic resolution, 56
BSCCO 2212 characterization, 48
BSCCO 2212 SFM, 54

BSCCO 2212 STM, 55

BSCCO 2212 structure, 50
BSCCO 2212 superstructure, 50, 55
BSCCO 2212 TEM, 50

BSCCO structures, 22

BSLCO 2212, 56

C60, (111) face, 177

C60, bandgap, 175

C60, conductivity of monolayers on metal
substrate, 178

C60, electronic structure, 175

C60, epitaxial growth, 183

C60, film casting, 178

C60, high pressure transformations, 211

C60, HOMO/LUMO shift, 178

C60, HPLC, 186, 189

C60, interstitials, 205

C60, intramolecular contrast, 209

C60, materials, 227

C60, NMR, 186

C60, pair correlation function, 218

C60, properties, 172

C60, pure film, 195
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C60, purification, 183

C60, solid, 177

C60, stacking boundary, 207

C60, step structure, 191

C60, structure, 174, 182

C60, sublimation, 184, 187

C60, submolecular resolution, 180

C60, substrate, 179

C60, TGA/DTA, 185, 187

C60, twin boundary, 208

C60, UV-VIS spectroscopy, 185

C60, vacancy, 205

C60, variation of coverage, 203

C60/C70 mixtures, 192

C70, pure film, 195

C70/C60 ratio, 186

C70/C60, dynamic processes, 201

C70/C60, variation of sublimation dis-
tance, 197

C70/C60, variation of substrate temper-
ature, 200

Cantilever, 15

Carbon allotropes, nearest-neighbour dis-
tances, 219

Carbon vaporization experiment, 172

Ceramic HTSC, 22

Chadi’s notation, 164

Charge density wave, 141

Charge reservoir blocks, 24

Chemical vapour deposition, 60

Collapsed fullerite, 211

Collapsed fullerite, angular distribution
function, 220

Collapsed fullerite, bonding-type distri-
bution, 221

Collapsed fullerite, pair correlation func-
tion, 218

Columnar defect, 127

Conductivity contrast, 12

Control interaction, 15

Critical nucleus, 73

Crystal defects, 66

Crystal growth, 46
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Crystallinity, 81
CuO double chains, 30

Deflection, 15

Diamond, 25, 158

Diamond, (100)2x1, 160

Diamond, herringbone structure, 160

Diamond, LPCVD, 158

Dimer rows, 163

Distinguish different materials, 42

Distorted HOPG structure, 179

Doped fullerenes, 224

Doped fullerenes, (111)/(311) face, 228

Doped fullerenes, grain size effects, 227

Doped fullerenes, penetration depth, 228

Doped fullerenes, T1 based compounds,
229

EDAX, 12, 38, 48
Edge contrast, 12
Edge dislocation, 66
EDS, 48

Epitaxy, 80

Feedback loop, 15

FFM, 16, 42

Flux migration, 41

Forces in STM, 212

Forward scan, 16, 42
Four-quadrant-detector, 16
Fractal boundary line, 38
Fractal dimension, 39
Frank-van-der-Merwe growth, 65
Friction contrast, 44

Friction force microscopy, 16, 42
Friction loop, 42

Friction properties, 16, 42
Fullerene, name, 173

Fullerenes, 25

Gallery, 140

Gas phase reaction, 141
GIC’s, staging, 141

GIC’s, X-ray diffraction, 143
Graphene layer, 140
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Graphite, 25, 137
Graphite Intercalation Compounds, 140

Half shadow technique, 64

Hausdorff dimension, 38

High pressure experiments, 212

High resolution electron microscopy, 96
High-temperature superconductors, 20
Higher T. as 132 K, 20

Hollow core, 127

HOPG, 137

HOPG, angular distribution function, 220
HPLC, 183

HREM, 96

HTSC single crystals, 30

Improved preparation of HTSC, 22
Indentation, 34

Infinite layer compound, 20, 22
Intercalant layer, 140

Intercalated fullerenes, 224

K3Ceo, 224
Kink, 66

Lateral force, 43

Lattice image, YBCO(001)/(100), 96
Ledge, 66

Lenses, 14

Liquid phase epitaxy, 126

Liquid phase reaction, 142

Local probe methods, 14

LPE, 126

Materials, 20

Metalorganic CVD, 100

Methods, 10

Microscopical standard techniques, 10

Modification experiment (YBCO crystals),
34

Molecular beam epitaxy, 103

Mosaic spread, 80

Optical microscopy, 10

Pair correlation function, 217
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Pair of like sign, 76

Pair of opposite sign, 75
Physical vapour deposition, 60
Piezo positioning system, 14
Plane tilt contrast, 12

PLD, 62

Polarized light, 30

Positioning system, 14

Pulsed laser deposition, 62

Radioastronomy, 172

Rb3Cygo, 224

Reflection electron microscopy, 10
RHEED oscillations, 110
Roughness, 81

Scanning electron microscopy, 12
Scanning force microscopy, 15
Scanning tunneling microscopy, 14
Screw dislocation, 61, 66, 67
Seah-Dench plot, 117

Secondary electrons, 12

Self-flux technique, 48

SEM information depth, 12
SFM, 15

Shading contrast, 12

Sign of a screwdislocation, 73
Spring constant, 43

Stage-1 GIC’s, 143

Staging, 140

STM, 14

Stranski-Krastanov growth, 65
Sublimation, 182

Substrate tilt, 108

Superlattice, 141
Superstructure, 140, 144
Superstructure modulation, 50, 55
Surface wetting, 41

SXM resolution, 16

TEM, 50, 93

TEM, BSCCO(2212), 50
Ternary GIC’s, 150

Thermal co-evaporation, 103
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Thickness-gradient film, 64, 69, 88

Thin film growth, 65

Thin films, 60

Tip excursion, 213

Torsion, 16

Transmission electron microscopy, 50, 93
Tunneling, 14

Tunneling current, 15

Turbostratic graphite, 25

Twinning, 30

Vacancy, 66
Vollmer-Weber growth, 65

X-ray diffraction, 80

XPS, information depth, 117
XRD, ¢-scan, 80

XRD, ©-scan, 80

XRD, © - 20 scan, 81

Yardstick, 39

YBCO, [2 4 (64+N)], 22

YBCO, atomic lattices, 34

YBCO, atomic resolution, 112

YBCO, carbonate and hydroxide forma-
tion, 119

YBCO, crystal growth, 38

YBCO, degradation, 119, 125

YBCO, film growth, 80

YBCO, film preparation, 63

YBCO, first growth stages, 69

YBCO, growth hills, 71

YBCO, growth pits, 72

YBCO, high pressure synthesis, 31

YBCO, HREM, 96

YBCO, late growth stage, 72

YBCO, lattice parameters, 31

YBCO, MBE, 103

YBCO, phase diagram (p-T), 32

YBCO, photoelectron spectroscopy, 115

YBCO, pinning centres, 61

YBCO, single crystals, 30

YBCO, structural defects, 61

YBCO, structures, 22
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YBCO, surface modification, 76

YBCO, TEM, 93

YBCO, thick crystals, 36

YBCO, thin crystals, 32

YBCO, thin films, 60

YBCO, thin films, STM, 69

YBCO, thin films, supercond. props., 69
YBCO, toplayer, 122

YBCO, XPS, 115





