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Chapter I

The Hardware and it's Main

Applications

Abstract:

The development and installation of a new angular resolved elec-
tron spectroscopy system is discussed. The characteristics of this
facility allows to perform experiments under arbitrary scattering
geometry, resolutions that can go down to 10 meV and temper-
atures selectable from the 5 { 430 K range. The description
of the experimental parameters will be combined with the ba-
sic theory of the two main applications of the facility, Ultravio-
let Photoemission Spectroscopy(UPS) and Electron Energy Loss
Spectroscopy(EELS). Variations in experimental degrees of free-
dom like scattering geometry and electron energies are related to
the modi�cation of electron momenta and the inuences on the
spectra obtained.
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4 Chapter I. The Hardware and it's Main Applications

I.A Introduction

Initiated by technical developments, spectroscopic studies are performed under
improved energy resolution conditions. This trend also holds for electron spec-
troscopic studies. The enhancement of both the electron detection yields and
resolution achievements of energy selective analysers, as a result of improved
hardware designs and electronics, has resulted in signi�cant progress in surface
science studies. As a result of the improved energy resolution of present facilities
the experimental broadening e�ects are mostly smaller than the energy scales
under study. Typical (surface)phonon excitation energies are of the order of 15{
50 meV, resulting in resolution requirements of at least the same value. For
dedicated electron excited vibrational spectra on complicated adsorbate systems
facilities with energy resolutions down to 1 meV are accomplished. To study the
region of the lowest energy excitations in photoemission spectra on for example
the high temperature superconductors, the resolution should be well below the to
be studied energy scales which are of the order of 25 meV. Well resolved studies
on the temperature and momentum dependence of the superconducting gap and
the lowest energy features require resolutions of 10 meV or lower. Whereas for a
long time characteristic energies of narrow spectral features where the ultimate
result in experimental studies, the new tendency consists of detailed lineshape
studies, both experimental and theoretical, with which valuable information can
be obtained.

As electron momenta are de�ned by both the detected energy and the an-
gle of detection, angular resolution and scattering geometry play an important
role next to the mentioned energy resolution. Electron spectroscopy installations
have developed from �xed scattering and detection geometries towards systems
equipped with analysers installed on one-axis goniometers. Recent developments
involve two-axis goniometers with which large space angles can be spanned and
arbitrary scattering geometries can be selected. Despite the complicated go-
niometer designs, including numerous parts moving in-situ resulting in accuratly
adjustable and reproducible angular positions, the experiments are performed un-
der increased ultra high vacuum conditions in the 10�11 mbar regime. As exper-
iments are performed under enhanced resolution conditions, measurements take
more time and are more critical towards deviations from fresh cleaved surfaces.

In this Chapter the development and installation of such a new angular re-
solved electron spectroscopy system will be described. It will be shown that
the characteristics of the system and the combination of the two main facilities
Angle Resolved Ultraviolet Photoemission Spectroscopy(ARUPS) and Electron
Energy Loss Spectroscopy(EELS) make this system state-of-the-art. This will
be supported by the experimental results as will be discussed in the following
Chapters. The basic theory of the mentioned techniques and the inuences of
the experimental degrees of freedom on the results will be discussed in section
I.D & I.C.
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Figure I.1: Schematic top view representation of the angle resolved electron spec-

troscopy system. The main parts of the system are indicated and discussed in detail in

the text. The dotted lines indicate the optional use of crossing light beams for sample

alignment purposes.

I.B Development and Installation of the ARUPS/EELS
System

The basic parts of the ARUPS/EELS system will be discussed in this section, as
is the case for the optimalisation tests performed along the way of installation.
In Fig. I.1 a schematic top view of the system is shown. As the manipulator
is situated on top of the chamber it is not included in the �gure. Drawing the
manipulator would cover part of the excitation source region. The complete
system spans an area of around 2�4 metre and is based on three independently
pumped chambers, connected by the use of valves. The elements of the system
will be described in the chronological order of importance during an experimental
run.

I.B.1 Sample Transfer and Manipulation

Samples are introduced to the system by the use of a Fast Entry Lock(FEL).
Regulated by a leak valve the FEL can be aired with nitrogen gas. The main
ange on this chamber is sealed with a Teon ring and can easily be opened
and closed. The chamber is pumped by a combination of a rotation and a turbo
pump and the pressure is monitored by an ion-gauge and pirani meters. When
the pressure is lower than 10�6 mbar, the valve to the preparation chamber can
be opened to transfer the samples. In our case in-situ cleavage was expected to
be one of the main techniques in which surfaces of the crystals of interest, mostly
oxide based materials, would be prepared. As cleavage is only successful for a
certain percentage of the attempts, quick replacement of samples was desired.
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The fact that the stoichiometry of oxide based compounds can be altered by
temperatures above 400 K, forced us to seek for solutions were system bake-outs
could be performed without pre-installed samples. These requirements have been
ful�lled by the use of standard size sample holders, which can be introduced in a
Fast Entry Lock. The continuously pumped FEL is also used as a clean storage
facility for atmosphere sensitive crystals.

Before introduction into the system bayonet connectors are attached to rect-
angular sample holders with a standard width (14 mm) and a maximum thick-
ness of 1 mm. The design and construction of the bayonet connectors and the
counterpart installed on the magnetic transfer probe have been performed in col-
laboration with the workshop and are derived from the connectors used by B.
Koopmans[1]. An advantage of the tight bayonet connection is the high degree
of reproducibility in sample orientation relative to the manipulator, what makes
sample transfer reliable. This is of special importance in the main chamber,
where dropped samples can cause serious damage to the goniometer. When the
samples have been measured and are taken out of the Fast Entry Lock, the valu-
able bayonet connectors can be easily decoupled from the metallic plates. The
sample plates are made of copper or aluminum, to prevent inuences of magnetic
�elds. The length of the sample plates is not critical, but typical sizes are around
30 mm. On the easy to manufacture metal plates the samples can be glued by
the use of vacuum compatible Torr Seal or silver glue. The advantage of the
conductive properties of the latter should be weighted to the lower strength in
comparison to insulating Torr Seal. When the two-component Torr Seal glue is
used, the samples are grounded to the metallic plate by glue covering graphite
coating. This is also advised when the silver glue is used, as it is known that
charging of silver glue, when radiated by electrons, was one of the causes of the
failing of initial low temperature EELS measurements on the high temperature
superconductors[2].

The samples are positioned at the center of the preparation chamber by the
use of a mechanically driven arm, from where they are picked up by the magnetic
transfer probe. The preparation chamber is pumped by a cryo pump and the
base pressure is in the high 10�11 mbar regime. This chamber can be option-
ally equipped with most of the possible standard surface preparation methods
like; Knudsen cells, Ar ion sputtering, scrapping, et cetera. The measurements
described in this thesis have been performed on in-situ cleaved surfaces. For
cleavage a Kratos sample cleaver or a wobblestick are available. Two-dimensional
systems, like Sr2CuO2Cl2 and WSe2, can be easily and e�ciently cleaved by in-

situ stripping of ex-situ attached Scotch tape. To the Scotch tape small rings of
copper wire are connected. in this way the wobblestick can easily be manoeuvred
into the ring and during pulling of the tape, the force is equally divided over the
full width of the tape. The tape itself will remain in the preparation chamber and
will not enter the main chamber. Three-dimensional samples, like NiO, can be
cleaved by the use of the sample cleaver or by knocking o� aluminum posts glued
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on top of the sample with Torr Seal. The latter option can also be performed
in the main chamber. In this way cleavage under low temperature conditions is
possible, what is of extremal importance for materials like the high temperature
superconductors.

After opening of the internal valve, the magnetic transfer probe can be used
to install the sample on the sample table of the manipulator in the main chamber.
The base pressure of this chamber is in the high 10�11 mbar regime established by
a cryo pump and a 520 l/s half magnetic turbo pump. The main chamber itself is
made of mu-metal to achieve residual magnetic �elds lower than 5 mGauss. The
ports of the clock-shaped chamber are divided over three levels. The highest level
is the level at which Low Energy Electron Di�raction(LEED) experiments can be
performed, to check the surface quality and the alignment of the reciprocal lattice.
The LEED facility is installed on a z-shift to be able to retract the LEED from
the center of the chamber. The medium level of the ports is the level at which
the sample transfer takes place. This can not be performed at the lowest level,
the measurement level, because of the space occupied by the goniometer/analyser
combination.

The main chamber can be equipped with one of the two available manipula-
tors, depending on the requirements of the scheduled experiments. As the two
manipulators are fully compatible with the system, changing from one to the
other requires the system to be aired for only up to 20 minutes. The combination
of the facts that the system is so briey exposed to atmospheric conditions after
being aired with nitrogen gas and that the manipulators are stored under vacuum
conditions, results in quick recovery of ultra high vacuum conditions during the
following system bake-out.

It is di�cult to combine an azimuthal rotation axis with sample temperature
requirements in the liquid Helium range in the design of a manipulator. For
that reason these two options have been separated over two manipulators. As
the analyser is installed on a two-axis goniometer the azimuthal rotation of the
sample is not of �rst priority in ARUPS experiments, because of the unpolarized
character of the He I photons. All standardly required k-points can be mea-
sured by combining the electron energy and the two goniometer angles relative
to the orientation of the crystal axes. Several ARUPS studies have shown that
important information can be revealed when performing temperature dependent
measurements. Spectral results on the region near the Fermi energy of cuprates
in and just above the superconducting state have been and still are of mayor
importance in solid state physics. The cold �nger manipulator consists of a VG
Omniax xy-table with 40mm z-travel and a basically Janis UHV ow cryostat.
In Fig. I.2 an impression of the cryostat is given. From a large liquid helium
dewar the uid is transported through a exible vacuum isolated insert which is
sticked in to the liquid helium dewar, the insert is connected to the T-piece. The
connection in between the T-piece and the cryostat is sealed by the use of teon
rings. This region is pumped by the use of a gas ow controlled membrane pump.
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Figure I.2: Global view of the continuous ow cryostat installed on a xyz manipulator

equipped with a di�erentially pumped rotation stage.

Because of the locally lower pressure liquid is owing towards the inner-part of
the copper block, what is still under nearly atmospheric conditions. The main
part of the Janis cold �nger, the copper block to which the sample is clamped,
has been replaced by a design compatible to our sample transfer system. Fig.
I.3 graphically shows a close-up of the region near the copper block, which is
surrounded by a gold plated heat shield, supplied with a large opening near the
sample to be able to perform the measurements. The heat shield is attached to
the cryostat at a position that results in a slightly elevated temperature relative
to the copper block. When the sample plate is installed the bayonet connector is
released by rotation of the magnetic transfer probe and the manipulator is rotated
over 90�, such that the sample is facing the magnetic transfer probe. The heads
of the sample clamping screws are designed such that they �t into the bayonet
head, but not so deep, so that the screws can not be locked in the bayonet con-
nector. One by one the screws are clamped or released by rotation driven by the
magnetic transfer probe. Four symmetrical screw positions have been chosen such
that by the large torque of the probe, tight clamping results in a good thermal
contact between the sample plate and the copper block. The tightening screws
have been made of tantalum as this material is much harder than copper, but still
not magnetic. Because of the di�erence in thermal expansion coe�cients of the
materials used, samples are preferably clamped and released at the temperature
of measurement.

The temperature is derived by four point measurements over a Si diode, po-
sitioned just above and attached in the same way as the sample. A control
temperature is achieved over an additional identical Si diode situated inside the
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Figure I.3: Graphical impression, given in a front and a side view, of the region

near the copper block of the low temperature manipulator. Di�erent cuts, through for

instance the inner part of the copper block and the heat shield, have been drawn to

clearly illustrate the main parts rather than the as-is situation.

copper block. The temperature measurements over both diodes and resistive
heating of the copper block to arbitrary stabilized temperatures above 4.2 K are
handled by a Lakeshore temperature controller. The helium ow can be regulated
by an Oxford gas ow controller, with which the e�ective capacity of a membrane
pump can be adjusted. The nominal use of liquid Helium when, after around 20
minutes, the operating temperature of for example 10 K is achieved, is below 3
litres per hour. Care has been taken that electric isolation materials like ceram-
ics bushes and Kapton coated wires can not be reached by the incoming light or
electrons. All critical objects are covered with thin copper foil, see Fig. I.3, as
even the smallest electrostatic �eld causes disastrous e�ects on electrons with an
energy of only a few electron volt.

The same manipulator can also be used for studies at temperatures above
room temperature. In this case a heated gas ow is used as the heating power.
The inner liquid helium transfer tube is removed from the cryostat and replaced
by a stainless steel tube on which a swagelock connection has been welded. As
the inner side of the cryostat is not connected to ultra high vacuum, this can
be easily done. To the swagelock connection another tube is attached which is
wrapped by heating tapes and surrounding aluminum foil. While the heating
tapes are set at maximum(�250 �C) nitrogen from the gas exhaust of a nitrogen
dewar is owed through the tube, towards the inner part of the copper block. In
this way temperatures of 430 K can be easily achieved. Temperature stabilization
is performed by regulation of the gas ow.

Both manipulators have the possibility of translation in the x, y and z di-
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rection and rotation around the vertical axis. The manipulator that has not
been discussed so far can only be used at room temperature and is additionally
equipped with an azimuthal rotation axis rotatable over an angle larger than 90�

and with sample current measurement facilities. The mentioned characteristics
make the manipulator well suited to perform EELS measurements. Sample cur-
rent measurements are very useful in optimizing the electron beam alignment. As
typical sample currents are of the order of pico- or nanoampere only, coax cables
and connectors are used both in-situ and ex-situ. Again care has been taken
that ceramic spacers used to establish the oating sample holder, are covered by
thin copper foil, as is the case with the Kapton isolated coax cables. Identical
clamping screws are used as in the case of the cold �nger cryostat.

I.B.2 Hemispherical Electron Analyser

After introduction of the sample into the main chamber the manipulator is low-
ered to install the sample at the level of operation of the electron analyser and the
available excitation sources. The analyser is situated on a two axis goniometer,
which is installed on a massive horizontal base ange. The rotation in the hori-
zontal plane can in principle be the full 360�, but is limited by stops to protect
the excitation sources attached to the chamber. The second rotation, out of the
horizontal plane, is over more than 90�. The combination of the two rotations
covers an area corresponding to a region larger than 2� sterradians. The values
of the two successive angles can be read from the scales as they appear behind
small view ports.

The analyser is a 180� degree hemispherical electron analyser, with a mean
radius of 75 mm and a gap in between the spheres of 30 mm. A 9 element
electrostatic lens with an overall length of �5 cm, is used to optimize the electron
count rate. The spot size resulting from the electron lens settings is approximately
3 mm. The voltages applied to the elements are related to the kinetic energy of
the electrons. Inside the electron lens two pinholes of respectively 500 and 250 �m
are installed. The outer hemisphere and the cover of the backside of the analyser
are supplied with a tiny hole in-line with the two pinholes. The settings of the
electrostatic lens in relation to the size and position of the pinholes determines
the acceptance angle, which has four electronically selectable preset values of 0.4,
0.79, 1.25 and 2�.

Although a Constant Retard Ratio setting is possible the analyser is stan-
dardly used in the Constant Analyser Energy mode. When the incoming elec-
trons approach the entrance pinhole of the analyser they are decelerated to a
certain potential relative to their direct environment called the pass energy. The
pass energy corresponds to the e�ective kinetic energy the electrons have inside
the monochromator section. After traversing the hemispherical potential �eld,
built up by the relative positive charge at the inner hemisphere and the relative
negative charge at the outer hemisphere, the electrons with the \correct" energy
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are selected by the exit pinhole. The detection of these electrons is performed
by the use of a channeltron. The analyser has however been designed such that
an upgrade to more e�cient electron detection with a channelplate is possible.
This upgrade will be the next step in further development of the angular resolved
system.

I.B.3 Helium Discharge Lamp

Electrons can be photoemitted by the use of ultraviolet light. In order to per-
form Ultraviolet Photoemission Spectroscopy(UPS) the system is equipped with
a high intensity helium discharge lamp manufactured by VG. The quartz cap-
illary extends to only a few centimetre from the sample and is protected by a
metallic shield, which is additionally covered with graphite. The discharge area
of the lamp is individually pumped by a nitrogen trapped di�usion pump and a
rotation pump. By adjusting the helium gas ow with a leak valve, the intensity
of the He I(21.2 eV) photon ux can be optimized and reduction of the ow can
be used to increase the contribution of He II(40.8 eV) photons. Care should be
taken on contributions from satellite lines, for which analytic correction proce-
dures should be performed. The intensity distribution of the satellites relative to
the main line is strongly dependent on the gas pressure in the discharge region.
In principle also other gases like neon and argon can be used resulting in other
photon energies. These sources are however less intense and result in multiple
photon energy lines[3].

When the He-lamp is in operation the pressure in the main chamber increases
to the high 10�10 mbar regime. As cryo pumps are not suitable for gas ow
experiments, especially not helium gas, the cryo pump will hardly pump helium
gas anymore after about an hour of operation. For that reason a high compression
ratio (half) magnetic turbo pump has been added to the system, especially as
angular resolved UPS(ARUPS) experiments can span a few days, without time
to regenerate the cryo pump.

For alignment purposes the He-lamp is installed on a bellow surrounded by
three adjustment screws. When the analyser is manouvred to the opposite side
of the He-lamp, the analyser can be used to align the He-lamp as an initial step.
At the ange opposite of the He-lamp a viewport is situated. The two pinholes
of the analyser lens in combination with the tiny hole in the hemisphere can be
used to optimize the beam of photons. When this procedure is performed with
the analyser in operation, variation in intensity of the electrons emitted at the
wall of the outer hemisphere can be used to check the alignment through the two
pinholes. The energy of the electron is of course unde�ned. The second step is a
HeNe laser directed through two opposite windows at the same level, such that
the cross line makes an angle of 60� with the photon beam direction, see also Fig.
I.1. When the sample is lowered into measurement position, adjustment of the
xy table settings only can be used to result in an overlap of the two spots at the
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Figure I.4: Graphical impression of the Electron Monochromator Unit. The function

of the several items are discussed in the text.

sample surface, at a position corresponding to the center of the chamber.

I.B.4 Electron Monochromator Unit

The other main excitation source available is a modi�ed version of an Electron
Monochromator Unit(EMU) manufactured by VG Microtech. This unit consists
of a �lament based electron source, a hemispherical monochromator, an electro-
static focusing lens system and a quadrupole xy deection stage. The important
principles in the design of EELS spectrometers has been discussed in a book of
Ibach[8]. In Fig. I.4 a graphical impression of the individual stages of the EMU
design is given. To exclude magnetic �elds the EMU is equipped with mu-metal
shielding. Also the connection between the mu-metal shield of the chamber and
that of the installed EMU is covered by a tight mu-metal sleeve, that is connected
from the inside of the chamber.

The electron source consists of a hairpin �lament in combination with a set
of pinholes. The electron energy can be selected from the 0 { 100(1000) eV
range, and is determined by the potential to which the electrical mid point of
the �lament is lifted. This is in contrast to other EELS facilities were the sample
is at a lowered potential. Contrary to an electron gun as an excitation source,
the electrons are not focused nor deected before entering the monochromator
section. The pass energy of the electrons inside the monochromator section is set
by the potential at the analyser plate. When the electrons are energy selected by
passing the exit pinhole of the monochromator section, they enter the focusing
section. The potentials on the three cylindrical elements are in the standard
con�guration controlled by the EMU control unit. The lens elements and 4



I.B. Development and Installation of the ARUPS/EELS System 13

deection poles are surrounded by a grounded shield. After the last stage of the
EMU, the xy deection, the electrons are not accelerated anymore. Acceleration
to the requested �nal kinetic energy is performed step wise during the electron
trajectory inside the EMU. Optionally electron energies can be selected in the
100 { 1000 eV range. For this energy range an external EMU control unit is
available, to which can be switched easily. The high voltage capability makes
studies on deep lying core excitations possible.

The �rst stage after the electron source section is the electron monochromator.
Electron energies are selected by the use of a 50 mm mean radius hemispherical
analyser and 0.6 mm apertures. The monochromating principle is the same as
for the analyser. Based on the mentioned parameters and the constant(2.66) of
the analyser it can be shown that theoretical resolutions of the order of 6 meV
are possible at 1 eV pass energies. The monochromator is equipped with an
external bake-out oven. To achieve ultimate resolution performance the EMU
can be operated at elevated temperatures(�140 �C) to improve the homogeneity
of the work function of the hemispheres and thus of the potential �eld near the
electron trajectory.

Once the electrons are selected on their kinetic energy, they enter the elec-
trostatic focusing lens. The lens consists of three elements, which can be set at
arbitrary potentials as will be discussed below. The electron lens and the �nal
stage, the xy deection, are separated by a grounded pinhole. The steering cor-
rection of the electron beam is performed by a quadrupolar combination of four
pins, of which the potential can be pair wise adjusted. The deection can be used
to correct the inuence of residual magnetic or electrostatic �eld on the electron
beam trajectory from EMU to sample, or to correct internal EMU setting re-
lated e�ects. The typical sample currents as obtained from well focused electron
beams can vary from 10�12 to 10�7 A, mainly determined by the chosen pass
energy(resolution) and �lament current. Current limitations are predominantly
set by space charge e�ects in the vicinity of the �lament.

Focus optimalisation

Soon after the �rst tests with the as-delivered EMU including corresponding elec-
tronics, deviations from expected performance were found. It was very hard to
�nd optimal conditions for specular intensities, and situations of increasing sig-
nal when approaching extremal settings of the electronics were found. During
one of the checks with the EMU installed on a workbench, it was found that
the xy deection poles were not correctly connected. Reconnecting the xy de-
ection wires to give real quadrupolar �elds did result in improved, but still far
from reasonable, results. In order to visualize the problems we were dealing with,
the manipulator was removed from the system and in it's place we temporarly
installed a Quantar channelplate at a position were normally the sample is situ-
ated. By the use of this two-dimensional electron detection device connected to
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