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CHAPTER

2
Experimental background and
technique

In this chapter the experimental background and setup will be described in some
detail. A theoretical and experimental description of the STM system used will be
given. One system was used for all STM/S measurements described in this thesis.
The system is the commercially available LT-STM from SPS-CreaTec GmbH [7] which
has been adapted during the course of the research described in this thesis, so as to
better match the demands of the experiments undertaken. The basic workings of
the machine and essential changes will be described. At the end of the chapter, a
short introduction to LEED and the corresponding setup used will be given. This
technique will be used in the next chapter in the discussion of the cleavage surface
of the ‘122’ pnictides.
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2. EXPERIMENTAL BACKGROUND AND TECHNIQUE

2.1 Scanning Tunneling Microscopy / Spectroscopy

’When two metals are separated by a thin insulating film, electrons can flow between
the two conductors due to the quantum mechanical tunnel effect.’1 The first observa-
tion of tunneling through an insulating barrier was reported in 1960 by I. Giaever [8],
who measured current-voltage characteristics of superconducting metals such as Al
and Pb separated by an oxide layer of 15-20 Å. These experiments formed the ba-
sis of the development of the scanning tunneling microscope two decades later by
G. Binnig and H. Rohrer at IBM Zürich [9]. A detailed account of events leading
up to the formation of the first STM are addressed in the lecture given by both dis-
coverers at the presentation of their 1986 Nobel Prize in Physics [10]. Within a year,
mono-atomic steps were observed [11] and even atomic resolution was obtained [12].
Within a few years, other groups were convinced of the power of this new technique,
which can non-destructively probe the electronic structure with an unprecedented
spatial resolution and high energy resolution. In the context of this thesis, it is note-
worthy that the first observation of spatial variations, on the order of 13 nm, of a
superconducting gap magnitude were reported in 1985 on Nb3Sn, only a few years
after the first STM was build [13].

Despite many improvements in the detailed design of STMs over the years, in
order to increase the sensitivity and reduce the noise, the key ingredient is still one
or multiple piezoelectric crystals 2 which drive a metallic tip to the surface under
investigation and enable picometer resolution spatial control. At the time of writing,
a typical STM setup can keep a tip on the same atomic position up to a few days at
low temperature (i.e. a few Kelvin). The limiting factor is actually the temperature,
as the setup needs to be refilled with liquid helium and nitrogen every few days
which cannot be performed while measuring.

2.1.1 Tunneling theory

The wavelike nature of electrons allows for tunneling from one conductor to an-
other through a classical barrier such as vacuum. Considering the simplest tunneling
configuration, where two conductors are separated by a two-dimensional uniform
barrier, the tunneling current is found by solving the one dimensional Schrödinger
equation (see for instance Ref. [14], pages 328-330, for the full derivation):

I ∝ exp[−

√
8meΦ

 h2 d], (2.1)

where me is the electron mass, d is the width of the barrier and Φ is the barrier
height, or work function. In practice, the relation for one dimensional tunneling
is a good approximation to the height dependence of the tunneling current in an
actual STM experiment, although for a more exact description refinements should

1first sentence of I. Giaever, Phys. Rev. Lett. 5, 464 (1960)
2piezoelectric crystals deform upon application of a voltage across the crystal, typically a few to a few

tens of ångstroms per Volt
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Scanning Tunneling Microscopy / Spectroscopy

be made to take into account for instance a difference in the work function of the
sample and the tip. The (sub-) picometer height sensitivity of the STM stems from
the exponential dependence of the tunneling current on the barrier width.

Figure 2.1: (a) Schematic of an atomically sharp metallic tip in proximity of a surface. (b)
Cartoon of the density of the states of the sample (left) and tip (right), where the occupied
DOS is shaded. A negative bias voltage, V, is applied to the sample, shifting the Fermi level of
the sample with an amount V with respect to the Fermi level of the tip. Electrons will tunnel
from the region of the sample DOS shaded in light grey to the tip through the vacuum leading
to a current.

In order to arrive at an expression for the bias voltage dependence of the tun-
neling current, in addition to the barrier height dependence described by Equation
(2.1), Fermi’s golden rule is commonly used to describe electron transitions within
perturbation theory. Consider the situation sketched in Fig 2.1a. The current that
will flow between the tip and the sample is described by [15]:

I =
4πe

 h

∫∞
−∞

|M|2gt(r,E)gs(r,E + eVbias)

×{f(E)[1 − f(E + eVbias)] − f(E + eVbias)[1 − f(E)]}dE, (2.2)

where f(E) is the Fermi function, Vbias the applied bias voltage and M the matrix
element for tunneling between the tip and the sample, which have a local density
of states gt(~r,E) and gs(~r,E − eVbias), respectively. Incorporated in Equation (2.2)
are both tunneling from the sample to the tip and vice versa. However, if for in-
stance Vbias < 0, tunneling from the sample to the tip will dominate and the reverse
contribution can be neglected. In the limit where the temperature goes to zero, and
assuming a constant tip density of states, i.e. gt(~r,E) = gt(~r, 0), Equation (2.2) re-
duces to:

I =
4πe

 h
gt(r, 0)

∫0
−eV

|M|2gs(r,E + eVbias)dE, (2.3)
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2. EXPERIMENTAL BACKGROUND AND TECHNIQUE

where the integral now runs over the energy range of interest only, namely from -eV
to 0 (or from 0 to eV for a positive bias voltage), where 0 is the Fermi energy of the
tip. The details of the tunneling process are hidden in the tunneling matrix element
M. Shortly after the first tunneling experiments by Giaever [8] and Nicol, Shapiro
and Smith [16], Bardeen showed that ‘it is plausible to treat M as a constant in the
interpretation of the experiments’ [17]. If one assumes a uniform 2D barrier and a
tip to sample distance large enough that the wavefunctions of the tip and the sample
do not hybridise, |M|2 reduces to the exponential in Equation (2.1).

In a real life STM experiment, the barrier is not uniform, and the shape and or-
bital character of the tip have to be taken into account to be able to describe the
current in detail. Tersoff and Hamann [18, 19] were the first to simulate STM mea-
surements and already found excellent agreement with experimental results using a
simple model where the tip was assumed to be of s-wave character with a spherical
apex. Since then, refinements of this model have lead to even more striking agree-
ment with experiment, enabling one to explain the fine details of images with atomic
resolution, see for instance Ref. [20, 21] for an overview of the developments in this
field. The dependence of the tunneling current on the details of the tip is nicely il-
lustrated by measurements on a metallic material such as gold (see Ref. [22] for an
overview of STM measurements on various Au(111) vicinal surfaces). As the elec-
trons in single crystalline gold are highly delocalised, the observation of atoms on
the surface [23] has been shown to require either a special tip orbital to pick up the
atomic corrugation [24] or a deformation of the tip and/or surface due to tip-sample
interactions [25].

By taking the matrix tunneling element, M, out of the integral in Equation (2.3),
the current can thus to a good approximation be described by a prefactor times the
integral from 0 to the bias voltage over the sample density of states. In case there is
no spatial variation in the local density of states of the sample, scanning the surface,
while adjusting the tip-sample distance to keep the current constant, will give the
height profile of the surface. Such a measurement will be referred to as a constant
current image or topograph. However, if the local density of states, g(r,E) or LDOS,
is spatially inhomogeneous, a convolution of the height and LDOS is captured and
care should be taken in the interpretation of the constant current images. A good
example of the influence of the LDOS on topographs is graphite, where only half
of the surface atoms are imaged due to an inequivalence in the LDOS of the atomic
sites of the top layer [26].

The full power of the STM lies in the combination of its ability to image the sur-
face profile on an atomic scale and probe the LDOS simultaneously. Using a straight-
forward lock-in technique, the derivative of the current with respect to the energy
(= voltage) is obtained, which, as can be seen from Equation (2.3), is directly pro-
portional to the local density of states of the sample, g(r,E). If such a differential
conductance, or dI/dV, measurement is performed on a spatial grid of pixels, a 3D
block of data is obtained: a conduction- or LDOS map. A slice through a conduction
map, where for a certain energy the spatial distribution of the LDOS is imaged, is
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Scanning Tunneling Microscopy / Spectroscopy

called an LDOS or g(r,E) image.

2.1.2 Barrier height or work function, Φ

Before moving on to the design of the STM used in this work, the apparent barrier
height briefly mentioned in the previous section will be discussed in more detail.
The barrier height, or work function Φ, appearing in Equation (2.1) is the energy
an electron requires to escape from a material to the vacuum and is typically on the
order of a few eV. However, in tunneling experiments, electrons do not escape into
vacuum, but tunnel from one material to another with a vacuum in between. The
apparent barrier height will then be equal to the average of the work functions of the
two materials, i.e. Φ = 1

2 (Φtip + Φsample) [27, 28].
The work function extracted from tunneling experiments has been shown to be

independent of the tip-to-sample separation as long as this separation is not in the
point contact regime [29]. Since the barrier height is a material dependent property,
the STM is in principle capable of determining what element(s) reside(s) at the sur-
face of a material. As most materials have a similar work function, and different
tips can have different work functions, this is unfortunately rather intricate in prac-
tice. However, the average barrier height from measurements on several samples
with several tips can give a good indication of the surface atomic character. More-
over, from the comparison of work functions of different surface structures on the
same material measured with the same tip, one can decide if the different surface
structures are due to a different surface atom. This will be used in chapter 4 in the
discussion of the cleavage surface layer of the pnictide ‘122’ high-Tc superconduc-
tors.

2.1.3 STM design

Since STM/S is only sensitive to the surface layer of a material, measurements have
to be performed under extremely clean conditions to prevent the surface from con-
taminating. All measurements presented in this thesis were therefore performed in
ultra high vacuum (UHV), i.e. at pressures <1.5x10−10 mbar. Figure 2.2 shows an
image of the system, highlighting its main parts. The vacuum chamber consists of
three separate compartments, the STM chamber, the preparation chamber and the
load lock, each of which have their own specific functions. The load lock is used to
insert and extract tips and samples in and out of the vacuum, and contains a home
build stage to treat tungsten tips (see section B.1.2). In the preparation chamber, up to
four samples and six tips can be stored, samples can be cooled, heated and cleaved,
LEED can be done on cleaved samples and samples can be sputtered with Ne (see
Fig. 2.2c). The STM head is located in the STM chamber and is optically accessible
via a small viewport (see Fig. 2.2d).

Each compartment has its own pumping power to sustain ultra high vacuum
conditions. The load lock is pumped by a Pfeiffer Vacuum turbo pump coupled to
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2. EXPERIMENTAL BACKGROUND AND TECHNIQUE

an Edwards Vacuum XDS scroll pump. However, both of these pumps have rotat-
ing parts and must therefore be switched off during STM/S measurements to avoid
noise. Both the preparation chamber and the STM chamber are pumped by a Leybold
Heraeus ion pump and titanium sublimation pump. Since these types of pump have
no mechanically vibrating parts, they do not have to be turned off during a measure-
ment, ensuring proper vacuum conditions throughout the measurement period. The
entire vacuum chamber is furthermore placed on four Newport laminar flow isolators
to reduce mainly translational vibrations.

In order to measure at temperatures down to 4.2 K (and lower), the STM head is
suspended with springs from a cryostat which can be filled with liquid helium. A
shield fixed to the He cryostat thermally encloses the STM head to thermally isolate
it from the rest of the system. The helium bath is in turn shielded by an outer cryostat
filled with liquid nitrogen. The inner cryostat can be pumped to a few tens of mil-
libars to reduce the temperature of the STM head even further down to ∼2.4 K. At the
time of writing, the stand time of the system at 4.2 K is approximately 72 hours and
is limited by the lifetime of both the liquid nitrogen and liquid helium in the outer
cryostat. A Zener diode that enables controlled heating in the range of 2.5 K - 350 K
is mounted on the base of the STM head. It should be noted that the best results, i.e.
those with the least amount of noise, are currently obtained between 2.5 K and 30 K.
A silicon diode serving as temperature sensor of the STM is placed on the STM head
as far away from the Zener diode as possible in order to have an accurate readout.
Calibration of this temperature sensor with respect to the actual temperature of the
sample is described in more detail in appendix C. A Neocera LTC-21 temperature
controller unit was used to control the temperature of the STM to within an accuracy
of a few milli-Kelvin.

The electronics and software used to control the STM setup were supplied by
SPS-CreaTec GmbH and were upgraded during this thesis. The electronics contain
several 32-bit Digital to Analog Converters (DACs) to send signals from a computer
to the STM and 32-bit Analog to Digital Converters (ADCs) to read out the tunneling
current and differential conductance. The tunneling current is amplified by nine or-
ders of magnitude by a Femto DLPCA-200 variable gain low noise current amplifier.
Differential conductance spectra were taken using a Stanford Research System SR830
DSP lock-in amplifier. A Createc high voltage supply amplifies the±10V signal from
the computer to a±200V signal to control the piezos. LEED is performed using a VG
Microtech LEG110S/8011, see section 2.2 for more details.

Besocke Beetle

The STM head is of a Besocke Beetle type [30, 31], which basically consists of three
outer piezos that support a ramp onto which the main piezo is mounted. In this
case, the main piezo is pointing downwards and the sample is inserted into the STM
pointing upwards. The tip is attached to the main piezo by means of a magnet (see
section 2.1.3 for details on the magnetic field of the z-piezo). Figure 2.3 shows a
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Scanning Tunneling Microscopy / Spectroscopy

Figure 2.2: (a) The STM vacuum system and (b) corresponding schematic with the various
parts indicated. The images underneath highlight a particular function of the three vacuum
compartments: (c) sputtering of the Au(788) sample, the beam of Ne ions comes from left
below and (d) a Pt/Ir tip and its reflection in the Au(788) sample.

schematic drawing of the Beetle design and an image of the STM head used in this
work. All four piezos have electrodes on the±x and±y directions to be able to bend
them in all in-plane directions. The main piezo also has an electrode connected to
the heart of the piezo in order to extend and retract it.
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2. EXPERIMENTAL BACKGROUND AND TECHNIQUE

Figure 2.3: Left: image of the STM head. A sample holder can be placed onto the sample
holder plateau which can be raised to bring the sample into range of the tip. Right: schematic
drawing of the Beetle design STM with the different components indicated.

To transfer samples in and out of the STM head, the sample holder plateau can be
lowered by means of a push-pull mechanism. This mechanism has three positions:
fully retracted, halfway up, and fully extended. In the fully retracted position, the
STM head is pulled onto the cryo-shield that is mounted underneath the He cryostat.
This way, the STM head is cooled quickly and samples can be transferred in and out
of the STM head. Once a sample is placed into the STM head, it can be positioned in
the position halfway up. The STM head is then still in contact with the cryoshield,
but now the sample holder is in direct contact with the STM head, so the sample is
cooled. Once the sample is cooled, the push-pull mechanism can be released into
the fully extended position. The STM head is then disconnected from the He cryo-
stat and is floating freely from the springs, ensuring both electrical and mechanical
isolation from the vacuum chamber. Eddy current dampening at the bottom of the
STM head further reduces noise.

Once the STM head is floating freely, the tip can be brought closer to the sample
or further from it by rotating the ramp plate. The ramp plate is divided into three
sections with an identical height gradient. Each of the three outer piezos touches
one of these sections. By a combined stick-slip motion of the outer piezos, the ramp
plate is rotated into a different position and thus height. Using stick-slip motion of
the outer piezos, the x and y orientation of the tip with respect to the sample can
also be altered. Combining both rotation and translation of the ramp plate, the tip
can be brought in close proximity to the sample anywhere in the xy-plane. The full
reach of the ramp is approximately 0.5 mm in height. Therefore, in order to avoid
tip crashes or not being able to reach a sample, care should be taken when making
tips and mounting samples on the sample holders. Once the tip is optically near
the sample, the last few micrometer can be bridged by invoking the computer to
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start the approach sequence. During the approach, the outer piezos rotate the ramp
step by step, checking in between steps if there is a tunneling current established by
fully extending the main piezo. If no tunneling contact between the sample and the
tip is made, the main piezo is fully retracted and the ramp is rotated another step.
If a tunneling current is detected, the approach is stopped and a measurement can
commence.

There are two types of measurement: topography and spectroscopy. During to-
pography, the xy-movement is controlled by a combined tilting of the three outer
piezos. For a given tunneling voltage between the tip and the sample, the main
piezo will adjust its length to keep the tunneling current constant, while scanning
the surface. For such an adjustment of the main piezo, a feedback loop has to be
turned on which monitors the tunneling current as a function of the change of the
main piezo length. Aside from the voltage and set current, the frequency with which
this monitoring takes place is therefore an important parameter in topography mode.
In spectroscopy mode, the feedback loop is turned off so the main piezo is not ad-
justed anymore. Subsequently, the voltage can be swept while measuring the tun-
neling current. To obtain useful results, the tip-sample distance should be constant
during a voltage sweep. Since piezos are especially sensitive to temperature gradi-
ents, the temperature should be stable to within a few milli-Kelvin to be able to take
thousands of spectra (required to for instance construct a gap map) without either
the main or the outer piezos drifting from their initial position. In principle, the xy
movement and z movement can be regulated by any combination of the main and
outer piezos, but the above (z = main, xy = outer) has been used to decouple xy from
z movement and to avoid having to use stick slip motion while measuring.

Main piezo magnetic field calculations

As mentioned in the previous section, the tip is attached to the main piezo by means
of a small magnet at the end of the main piezo. Initially this was a single magnet
with its magnetisation axis along the length of the main piezo. This configuration,
however, also produces a nonzero magnetic field at the surface of the sample. Since
this could in principle interfere with the measurements, especially those on super-
conductors, a calculation was performed to estimate the magnetic field at the sample
surface 3.

In this calculation, the magnet, the attached tip holder and the surrounding vac-
uum are reconstructed using a finite number of elements. All of these elements are
given their own magnetic moment depending on the material the element consists
of. For the tip holder non-magnetic stainless steel has been used in the calculation.
The size and strength of the magnet have been measured. The magnetic field at a
distance of ∼3 mm from the tip holder, i.e. at the sample surface, has subsequently
been calculated using several models of which the details go beyond the scope of
this thesis. In the calculation, both the situation with a tip holder and without a

3calculations were performed by E. Hennes, Technology department FNWI, UvA
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2. EXPERIMENTAL BACKGROUND AND TECHNIQUE

holder have been simulated, giving nearly identical results. The axial component of
the magnetic field, Bz, is approximately 45 ± 5 Gauss without tip holder, and 55 ± 5
Gauss with tip holder.

As this field is rather large, a different magnetic configuration was considered,
namely one where instead of one magnet, two anti-parallel aligned magnets are used
to keep the tip holder into position. This configuration has been modeled using the
same method as has been used for the single magnet configuration and resulted in a
field of 4 ± 0.5 Gauss without tip holder and < 1 Gauss with tip holder. Therefore,
during the coarse of this Ph.D. research, the z-piezo has been switched to one with a
double anti-parallel aligned magnet configuration.

2.2 Low energy electron diffraction

In order to determine the crystallographic orientation of each individual sample that
is measured in the STM, in situ low energy electron diffraction (LEED) has been
performed. As depicted in Fig. 2.4, the LEED optics basically consist of a gun which
emits a beam of monochromatic electrons onto the sample surface, and a phosphorus
screen which is illuminated by the backscattered electrons after they are diffracted
at the surface. Grids are placed in front of the screen in order to provide a high
pass filter ensuring that only elastically scattered electrons reach the screen, whereas
secondary, inelastically scattered electrons will be removed.

Considering a one dimensional chain of atoms with a periodicity a that is illu-
minated at right angles by a plane electron wave, there will be intensity of scattered
electrons only if the Bragg criterium is met:

d = a sin θ = nλ, (2.4)

where d is the difference in path length between two beams scattered from adjacent
scattering centers (i.e. the atoms), a is the distance between two scattering centers,
θ is the angle between the incident and scattered beam and λ is the wavelength of
the incident beam. From this it follows that increasing the energy of the beam, i.e.
decreasing λ since E = hν

λ , will bring diffraction spots on the phosphorus screen
closer together. Secondly, a smaller lattice constant, i.e. smaller a, will increase the
distance between diffraction spots.

The advantage of using LEED over other diffraction probes such as for instance
Laue is that the electron beam which typically has an energy in the range 50-500
eV has a penetration depth of typically 5-10 ångstrom. Therefore, like STM, LEED
is a very surface sensitive probe. To describe a real LEED measurement, the three
dimensional equivalent of Equation (2.4) should be used. However, due to the small
penetration depth, the coherence of the electron beam in the c direction is smeared
out, leading to diffraction ’rods’ instead of spheres. Upon changing the energy of
the incident beam, one is effectively scanning through these rods of intensity. By
tracking the intensity of a particular diffraction spot as a function of energy, a LEED
I(V) curve can be constructed. Since the specific details of the near-surface structure
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Single crystal growth and characterisation

Figure 2.4: (a) Schematic drawing of a LEED setup, the main parts are indicated in the figure.
(b) Optical negative of an actual LEED image, in this instance of Bi2Sr2CaCu2O8+δ, taken at 94
eV. The ∼5b supermodulation is clearly reflected by the rows of spots in one direction only.

are encoded in such a LEED I(V) curve, the details of the surface structure can be
uncovered to a high precision by comparison with calculations, a technique which
will be used in chapter 4 in the investigation of the ‘122’ pnictide cleavage surface.
In this work, a VG Microtech LEG110S/8011 LEED optics were used to characterise
the samples in situ after each STM investigation. LEED I(V) curves were obtained on
identical samples on a separate setup using a Specs ErLEED 100/150.

2.3 Single crystal growth and characterisation

Unless stated otherwise, the samples were grown in Amsterdam by Y. K. Huang.
La2-2xSr1+2xMn2O7, Bi2Sr2CaCu2O8+δ and PbxBi2-xSr2CaCu2O8+δ samples were grown
with the traveling solvent floating zone method using a mirror furnace. Pnictide
samples were grown using the Bridgeman method in an Al2O3 crucible using self
flux (i.e. FeAs-flux). All compositions given throughout this thesis were those ob-
tained using electron probe micro analysis after growth, performed by Y. K. Huang
and T. Gortenmulder. Magnetisation measurements and/or resistivity measurements
were subsequently used to further characterise the samples. These measurements
were performed by R. Huisman, H. Luigjes, S. de Jong, Y. K. Huang and the author.
Further relevant details on the samples will be given in the various chapters them-
selves. For more details on sample growth and characterisation methods other than
those given in the chapters the reader is referred to Ref. [6] and/or [32].
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