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PREPARATION AND INVESTIGATION OF MODEL SURFACES
FOR THE STUDY OF ZIEGLER-NATTA CATALYSIS

I. Introduction

This study was undertaken to ascertain whether the
Ti(001) or the Ti(100) single crystal face could be used
in preparing a model surface on which the initial stages
of Ziegler-Natta polymerization could be observed.

The

polymers most commonly associated with Ziegler-Natta
catalysis are stereoregular forms of polypropylene and
polyethylene.

They are prepared by dispersing the solid

catalyst, which is usually TiC13, in a hydrocarbon solvent

such as heptane and bubbling ethylene or propylene gas

through the mixture.

An activator, for example

triethylaluminum, may also be added but is not necessary
for polymer formation2.

The polymer forms rapidly around

the finely dispersed particles, entraining the catalyst
and masking the initial stages of the reaction.

In order

to study the association of the monomer with an active
site on the catalyst surface, an attempt was made to
produce a model catalyst by growing chloride layers on the
Ti(001) and the Ti(100) surfaces3.

Surface sensitive techniques,such as those available
in our laboratory, have proved very useful in the study of
many catalytic reactions, but require the sample to be

2

maintained under ultra high vacuum (UHV) and for this
reason it is not possible to precisely mimic the
conditions under which the polymerization is normally
carried out.

TiC13 is a friable solid that is difficult to obtain
in single crystalline form and difficult to work with.

It crumbles easily and is hydrolyzed by water vapor in the
air4.

These characteristics make it unattractive as a

candidate for use in UHV studies, since samples need to be
of sufficient size and strength so as to endure mounting
and handling procedures.

The model makes a simulated

TiC1 3 surface accessible to study in a vacuum chamber.

Models are thus used as substitutes when the real
catalytic material is, for some reason, less suitable.

Section IIIC contains a description of the crystalline
structure of TiC13, the actual catalyst.

The advantage in using a model catalyst lies, in the
ability to isolate the reacting species on a surface of
known symmetry.

The active adsorption sites can then

hopefully be observed using methods such as Low Energy
Electron Diffraction (LEED) or by one of numerous other
surface sensitive methods.

In this study LEED has been

the primary tool for obtaining information on surface
symmetry and Auger Electron Spectroscopy (AES), for
surface elemental analysis.

These methods both employ

3

electrons to probe the sample and are sensitive to only
the first few atomic layers of the solid.

To employ the techniques described above it is
necessary to maintain the chamber at UHV pressure
(typically of the order of 10-10 torr)5.

Maintaining such

low pressures allows one to maintain a clean sample
surface for extended periods of time.

At pressures of

1x106 torr a clean surface will adsorb a monolayer of
material in about 1 sec6.

In order to obtain reasonable

working times on clean surfaces, say an hour or more, it

UHV

is necessary then to have pressures in the UHV range.

conditions also permit the use of electron and ion beams
within the chamber.

Electrons and other charged particles

interact strongly with matter and would be scattered by
gaseous materials if the pressure were too high.

This

strong interaction between electrons and matter also
causes electron beam probes to be highly surface
sensitive.

Electrons will not penetrate more than a few

atomic layers and will not escape from below more than a
few atomic layers of the surface7.

Using a model catalyst, rather than the actual
material, implies that surface structures similar to those
found on the catalyst, are used to study some aspect of
the reaction chemistry.

Many characteristics of the

original material are not the same as in the model.

The

4

usefulness of the model is therefore restricted to some
particular detail of the reaction or catalyst that is
under study.

The model surfaces that have been produced

during this study were created to mimic the chloride
environment of Ti in the TiC13 catalyst.

In some cases

only the first layer of material has the same surface
geometry as the catalyst.

This is the case for a chlorine

coincidence layer that was produced on the Ti(001)
surface.

A coincidence layer occurs when overlayer atoms are
packed on the surface in such a manner that both the
substrate and overlayer atoms have a common repeat
distance8.

Coincidence layers will be discussed in

greater detail in section IV of the manuscript.

For the

example given above 13 chlorine atom diameters cover the
same distance as 16 Ti atom diameters.

That is, when the

Ti(001) surface is covered with chlorine, the center of
each 13th Cl atom is aligned with the center of each
Ti atom.

16th

This results in a hexagonally close packed

structure of chlorine atoms.

This mimics the geometry of

the basal plane of oc-TiC13 but does not accurately

represent the next layer down into the surface of the
catalyst.

In the model, the Ti atoms are hexagonally

close packed while in the catalyst, the Ti atoms occupy
octahedral holes within a hexagonally close packed layer

5

of chlorine atoms.

Ordered chlorine overlayers have been successfully
grown on both the Ti(001) and the Ti(100) surfaces. These
chlorinated surfaces should be useful in future studies of
the Ziegler-Natta process.

Several attempts to dose

chlorine covered surfaces with ethylene under UHV
conditions indicate that it may be necessary to use
ethylene pressures closer to those encountered in the
actual polymerization process.

Our present vacuum

equipment does not permit high pressure exposures of the
sample to ethylene or for that matter any other gaseous
material.

Studies of the uptake of ethylene on clean and

partially chlorinated Ti surfaces have however been
performed under UHV conditions.

The maximum ethylene

pressure attained in these cases was approximately 5x10-7
torr.

Commercial processes on the other hand sometimes

use pressures as high as thirty atmospheres of ethylene9.
In the course of the investigation several new
surface overlayer structures have been produced.

On the

Ti(001) surface an epitaxial layer of TiC(111) was grown
by dosing the clean Ti(001) crystal face with ethylene
while maintaining the sample at a temperature of 450C".
Ordered sulfur overlayers were grown on the Ti(100)

face when the sample was held at elevated temperatures for
extended periods of time.

Since titanium samples

6

typically contain sulfur as an impurity", no outside
source of sulfur was needed for dosing.

Heating the

sample was sufficient to diffuse significant amounts of
sulfur to the surface.

For the Ti(100) sample, changes in

the LEED pattern with increasing sulfur coverage were
correlated with possible surface arrangements of the
overlayer atoms.

Once saturation coverage with sulfur was achieved the
experiment was carried a step further by dosing with
chlorine and thermally desorbing a portion of the sulfurchlorine overlayer.

It was found that by repeated cycles

of chlorine dosing followed by thermal desorption, some of
the sulfur is replaced with chlorine.

High levels of

sulfur in the bulk of the sample prevent the formation of
a chlorine coincidence overlayer on the Ti(001) surface.

In this case the sulfur apparently diffuses to the surface
or sub-surface layers when the sample is annealed.

Since

the chloride environment is an essential feature of this
class of catalysts, replacement of chlorine with sulfur
may reduce the number of active catalytic sites.

In terms

of catalytic activity, a model catalyst in which sulfur is
substituted for some of the chlorine, might be used to
study the poisoning and deactivation of Ziegler-Natta
catalysts.

Using the technique developed in this study

and described briefly in the previous paragraph, it is

7

possible to produce such a surface.

The main objective of the work to date has been to
create potentially useful surface structures.

Having

achieved this, some additional studies on these model
catalytic surfaces were attempted.

The uptake of ethylene

on the clean and chlorine covered Ti(100) and Ti(001)
faces was measured under UHV conditions.

During the

course of this part of our experiment it was noticed that
the presence of an overlayer of chlorine on the crystal
face caused bulk carbon to be retained at the surface when
the sample was heated.
Ti surface.

The opposite is true for the clean

A section is included describing this

behavior in greater detail.

The following chapters describe the experimental
procedures, some of the relevant theoretical concepts and
naturally the results and conclusions of my work.

8

II. EXPERIMENTAL METHODS

A.

General description of equipment

The vacuum system used throughout this study was a
standard UHV chamber, the lower portion of which was
equipped with a bank of 9 ion pumps and a titanium
sublimation pump (TSP).

Rough pumping of the system was

accomplished by the use of liquid nitrogen cooled sorption
pumps and in some cases by means of an oil diffusion pump.
Figure 1 is a diagram of the UHV chamber showing the
relative locations of the various devices that were used
to carry out experiments.

The chamber was equipped to

perform LEED and Auger analyses using the same grid
system.

These techniques will be described further under

the heading Auger, LEED and related equipment.

In

addition the chamber contained a quadrupole mass

spectrometer, an argon ion sputter gun, and a nude
ionization gauge for pressure measurement.

The sample

manipulator was a commercial variety produced by Vacuum
Generators, UK.

Once a pressure of about 1x10-5 torr was

attained with the roughing pumps the ion pumps and the TSP
were started.

After starting the ion pumps and the TSP it is still
necessary to bake out the entire vacuum chamber for at

9

Auger/LEED Optics

Leak Valve

Sample
(attached
to manipulator)

Quadrupole

f

Window

CI Gun

Mass

Spectrometer

Figure 1.

Ion Gun

Diagram of UHV chamber depicting the relative
locations of the various components (top view).
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least a few days in order to achieve UHV.

The baking

process allows adsorbed gases, water, and other
contaminating materials with relatively high vapor
pressures to desorb from the interior surfaces of the
chamber12.

Once desorbed these materials are removed from

the chamber by the pumping system.

Heating the chamber

increases the rate at which contaminants desorb, allowing
them to be pumped out over a short time period rather than
continuously vaporizing into the chamber.

The baking process begins after allowing the ion
pumps and TSP to pump on the chamber at room temperature
for a period of about 16 hours.

The chamber is then

covered with a set of removable ovens and the temperature
is raised slowly to approximately 85C over a period of 4
or 5 hours.

Whenever the temperature is raised it will

usually take about 2 hours before the inside walls are
heated to the measured oven temperature.

It is a good

idea to monitor the ion pump current during this period.

It should be kept below about 4 mA, which corresponds to a
pressure on the order of 10-6 torr.

This is best

accomplished by not attempting to heat the chamber
directly to 85C but going up from room temperature in 25C
steps.

Once 85C is attained the chamber is baked for

another 16 hours before attempting to increase the
temperature.

The process is repeated, increasing to 100C,

11

then to 120C, and finally to 130C, each time allowing a 16
hour baking period between temperature increases.

Baking

at 130C for another 2 days will usually give UHV.

After ending the bakeout, the ovens are removed and
while the chamber is still warm, all of the filaments that
will be used during experimentation are degassed by
heating them to their operating temperature or slightly
higher, for 5 minutes.

This includes the electron gun,

ion gun, vacuum gauge and mass spectrometer filaments as
well as the resistive heating elements attached to the
sample.

This is done while the chamber is still warm so

that any desorbed gases are not re-adsorbed onto the walls
of the chamber.

B.

Preparation of samples

Single crystal samples of high purity titanium were
obtained from Metal Crystals Inc., UK and from Materials
Research Corp., Orangeburg, N.Y.

Surface studies

typically require samples of 5N purity or 99.999% of the
metal.

Although the samples were of this quality,

impurities, especially sulfur, tended to migrate to the
surface.

Shih15 found that extensive cleaning procedures

were needed before such crystals were actually usable.

Cleaning of the samples is discussed further in a separate

12

section to follow.

Samples were oriented using an x-ray back reflection
Laud camera and the alignment of the appropriate crystal
face was checked using a laser.

Polishing was carried out

using standard metallographic polishing methods13.

A disk

shaped single crystal with a diameter of approximately 6mm
and a thickness of between 0.40 and 0.95mm was mounted in
acrylic plastic with the desired face exposed on the one
side.

The surface was then polished using successively

smaller particle size polishing compounds which were
dispersed in water and subsequently applied to the cloth
of a commercial polishing wheel.

Polishing compounds

varied in particle size from 12 microns down to 0.05
microns and were composed of either silicon carbide or
aluminum oxide.

The finer grade compounds tended to be of

aluminum oxide.

During the polishing operation as the particle size
becomes smaller and smaller the Ti surface flows out
producing a distorted layer of metal.

To remove this

material an acid etch of the surface is performed while
polishing lightly with the finest compound16.

The

composition of the etching solution is described in
appendix 1 along with a similar solution that can be used
for rough polishing.

The sample is then dismounted from

the plastic by soaking in acetone overnight.

Applying the

13

procedures above produces a mirror like surface on the
sample.

Having polished the surface, the sample is next
cleaned in a series of solvents designed to remove any
organic material that may have accumulated".

The crystal

is sonicated in an ultrasonic cleaner using a laboratory
detergent.

After washing with distilled water, sonication

continues using the solvent series acetone, methanol, and
trichloroethane.

In order to introduce the sample into the vacuum
chamber in a manner that allows for heating and cooling of
the sample, a tantalum heating wire was spot welded around
the circumference of the disk shaped crystal.

In addition

a chromel-alumel thermocouple was spot welded to the
unpolished back side of the sample.

The ends of the

heating wire were in turn spot welded to the electrical
terminal posts on the manipulator, across which the power
supply voltage was applied.

A sample holder was designed

to fit onto the manipulator arm and is illustrated
separately in Figure 2.

The power supply was of the direct current type,

14

SAMPLE HOLDER
Sample
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Cooling
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.. Electrical
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Figure 2.

Perspective and side view drawing of sample
holder designed for these experiments.
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capable of outputting 70 amperes at approximately 7 volts.
It was subsequently found that a maximum of 15 amps and
2.5 to 3.0 volts provided enough power to heat the sample
at a rate of 5 to 10 degrees C/s.

The negative side of

the heating power supply was operated at ground potential
by connecting one heating feed through directly to the
chamber by means of a grounding strap.

This prevented the

sample from charging when an electron or argon ion beam
was impinging on the crystal.

This overall arrangement

also permitted the use of a programmable temperature
controller to linearly vary the heating rate, monitor the
sample temperature and maintain constant elevated
temperatures.

Cooling of the sample was accomplished by means of an
electrically isolated copper cooling strap attached to a
liquid nitrogen feed through.

The cooling strap was

attached to the sample at one of the terminals to which
the tantalum heating wire was welded.

Temperatures of

about 130 K were achieved when liquid nitrogen cooling was
applied.

Figure 2 contains both a side view and a perspective
view drawing of the sample holder, illustrating the
various components described above.

16
C.

Obtaining a clean surface

Even after sonicating the sample in various solvents
as described earlier, the sample surface is still covered
with adsorbed organic material as well as an oxide layer
and a variety of other possible contaminates.

Polishing

also creates surface damage that will interfere with the
display of sharp LEED patterns25.

To correct these

conditions the sample was repeatedly subjected to a
cleaning cycle that consisted of argon ion bombardment at
elevated temperatures followed by one or two minute
flashes to 600 C.

Argon ion bombardment was carried out using Ar
pressures of 5x10-5 torr with the sample temperature
raised to 650 C.

The Ar ion beam energy was set at either

500 volts or at 1 kilovolt and the sample current set to
between 0.5 and 2.5 microamps.

Argon ion bombardments

were generally allowed to run for 15 to 30 minutes at a
time before pumping the chamber down.

In some cases it

was found useful to turn off the sample heating power
supply during the last 5 minutes of the ion bombardment.

This seems to help in obtaining a sulfur free surface.

In

the case of Ti, the main contaminate that ion bombardment
removes is sulfur which segregates from the bulk of the
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sample to the surface during heating.

It was found that

many annealing and ion bombardment cycles were necessary
in order to deplete the surface layers of sulfur.

The

test of whether the surface was sufficiently free of
sulfur comes when the sample is briefly flashed to 600 C
after ion bombardment.

If the sample can be held at this

temperature for about 1 minute without the S(151) peak
appearing in the Auger spectrum, the surface is clean.

The flash to 600 C followed by a 1 minute anneal
serves several purposes, it repairs surface damage caused
by the ion beam, it desorbs any CO or other adsorbed
gasses, and it causes carbidic carbon to diffuse into the
bulk of the material.

It required several weeks of ion

bombardment and annealing to get some of the samples to
this point.

In other cases, namely when the purpose of

the experiment was to study the overlayers of sulfur on
the surface, it was not necessary to go to this level of
cleaning.

D.

Chlorine dosing with a solid state electrochemical
source

A chlorine gun was constructed using the method of
N.D. Spencer et a124, for the purpose of dosing samples
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with C12 gas.

The advantage in using an electrochemical

source of chlorine is that locally high pressures of C12

can be generated reproducibly at the outlet of the device,
with a negligible increase in the chamber background
pressure.

This minimizes corrosion of the vacuum chamber

and other installed equipment.

The cell, diagramed in Figure 3, consists of a pellet
composed of 96% AgCl and 4% CdC12 encased in a glass tube
and assembled onto an eight pin electrical feed through.

A silver wire cathode and a platinum mesh anode are fused
to opposite ends of the pellet by heating the tube to the
softening temperature of the AgCl while applying
mechanical pressure to compress the pellet-electrode
composite.

This procedure was a modification of that

described by Spencer.

Since the pellet was never

completely melted but instead sintered, it retained enough
porosity to allow the gas to escape the pellet matrix more
easily.

Other modifications included the use of a

nichrome wire wrapped around the glass tube for heating
purposes.

The original design called for the deposition

of a resistive tin oxide film on the surface of the tube.
During the sintering operation a thermocouple can also be
incorporated into the pellet.

It was found however, that

monitoring the cell temperature was not really necessary,
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Figure 3.

Electrochemical chlorine source.
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since, if the cell current was insufficient, simply
increasing the heating power slightly would overcome the
problem.

The electrical connections were made to the anode,

heating leads and if included, the thermocouple by spot
welding the appropriate wires to the feed through leads.

The Ag cathode had to be connected to the feed through by
means of a barrel connector.

Two of the feed through

leads were also used as mechanical supports for the cell.

E.

Auger, LEED and related equipment

As was touched on briefly in some of the previous
descriptions of the UHV chamber, the vacuum system used
during this study was equipped with four grid LEED optics.

This grid arrangement may also be used as a retarding
The

field analyzer (RFA), for obtaining Auger spectra.

grid and collector system is simply biased in a different
manner when switching between Auger and LEED modes of
operation.

Auger spectra were collected using a Varian

model 891-2145 electron gun control module at a beam
energy of 1000 eV and a beam current of 20.0 gA.

An

accompanying Varian LEED control module, model 981-1948
was used in displaying diffraction patterns.

Figures 4

and 5 contain diagrams of the Auger/LEED system and
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associated equipment".

When used in the LEED mode the, the collector, which
is actually a hemispherically shaped fluorescent screen,

is biased positive at approximately 6 kV above ground
potential.

The first and last grids, numbered 1 and 4

respectively in Figure 4 are, along with the sample, set
at ground potential.

They improve the performance of the

system by reducing field penetration effects between the
screen, which is maintained at a high voltage and the grid
system.

In addition they also provide a field free path

for the electron beam between grid 1 and the sample.

Grids 2 and 3 are called suppressor grids and are operated
at voltages negative relative to ground.

They are always

maintained at a few volts below the primary electron beam
energy.

The suppressor grids thus will exclude all

backscattered electrons except those with an energy close
to that of the primary electron beam.

These are the

elastically scattered electrons of which the diffracted
LEED beams are composed.

Once the diffracted beam gets

through the grid system it is accelerated toward the
collector where it is displayed as a glowing spot on the
fluorescent screens.

When used as an RFA for taking Auger spectra the grid
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FOUR GRID LEED DISPLAY SYSTEM
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Figure 4.

Diagram of LEED grid optics.
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RFA SYSTEM FOR AUGER SPECTROSCOPY
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Signal
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Diagram of grid optics and related equipment
set up as an RFA for taking Auger spectra.
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system is again set up with the sample and grids 1 and 4
at ground potential.

Figure 5 shows a diagram of the RFA

configuration used19.

Grids 2 and 3 now function as

repeller grids to allow only electrons with energies
greater than the applied potential to pass through to the
collector.

The DC or direct current potential applied to

these grids is scanned over the voltage range of interest
and monitored on the X channel of an X-Y recorder.

Superimposed on this DC voltage is a sine wave of fixed
frequency.

In the experiments performed in this study a 2.5 kHz
signal was applied as the modulating voltage.

The

collector was biased at positive 900 V and grounded
through a high voltage transformer across which the Auger
signal is sampled.

The Auger signal is sent to a lock-in

amplifier tuned to twice the frequency of the modulating
signal applied to grids 2 and 3.

The lock-in amplifier

then supplies an output voltage to the Y channel of the XY recorder that is proportional to the intensity of the
Auger peak.

When the spectrum is scanned, the X-Y recorder
displays the second derivative of the collector current,

which is the first derivative of the Auger electron energy
distribution.

The section on theoretical aspects of Auger

spectroscopy explains how the second derivative spectrum
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is obtained simply by measuring the intensity of the
second harmonic of the collector current.

Theoretical aspects of Auger spectroscopy

1.

Auger electrons are electrons that are ejected from
an atom that has been ionized by removal of a core level
electron.

The process is illustrated in Figure 6.

Referring to that diagram, a core hole is created by high
energy electron bombardment of the sample.

In this step a

primary electron knocks a core level electron out of the
atom.

The lifetime of this core state is the order of

lx10-15 sec., after which the core hole is filled by an

electron from a higher energy level.

Simultaneous to the

core hole being filled, a third electron, the Auger
electron, is emitted from a valence level with an energy
proportional to the difference between the core hole
binding energy and the sum of the energy levels of the
respective higher lying states25.

After emitting the

Auger electron the atom is left in a doubly ionized state.

The energy of the Auger electron is characteristic of
the element from which it was emitted.

When used for

surface analysis, measurement of the energy distribution
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Auger Process
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Electron
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L,
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b.)

a.)

Figure 6.

c.)

Process by which Auger electrons are generated.
a.)

A primary electron creates a core level
hole by knocking out an electron at level
E 1.

A secondary electron is created in

the process.
b.)

A higher level (E2) electron drops into
the core hole.

c.)

Simultaneous with (b) an electron at level
E 3, the Auger electron is ejected.
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of Auger electrons allows one to determine the elemental
composition of the first few atomic layers of the material
under investigation.

In Auger spectroscopy one is looking for a relatively
small number of electrons that have the characteristic
energy associated with a particular Auger transition.

When the primary electron beam impinges on the sample it
generates not only Auger electrons but large numbers of
backscattered secondary electrons and a smaller number of
elastically scattered primary electrons.

Figure 7 is a

diagram illustrating the energy distribution of the
backscattered electrons17.

When the DC voltage applied to the repeller grids is
ramped from a low voltage to some higher voltage close to
the primary beam energy, the following situation ensues.

At the beginning of the scan most of the backscattered
electrons have enough energy to get through the grids and
reach the collector.
the scan.

The

The opposite is true near the end of

resulting collector current is thus a

decreasing function of the potential applied to the
repeller grids.

The Auger peaks then appear as small

steps superimposed on top of a large decreasing
background.

Figure 8 contains a diagram showing the Auger

peaks when collector current is plotted vs retarding field
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Electron Energy Distribution

N (E)

Primary
Beam

Auger Peaks

E

Figure 7.

Energy distribution of backscattered electrons
depicting the number of electrons vs energy.

The large peak appearing at low energy
represents scattered secondary electrons.
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potential17.

The collector current can be expressed in

the following equation

I

(Er)

oc

f voN

(Er)

dEr

where,

I(Er) = collector current

N(Er) = number of backscattered electrons
Er = retarding voltage

v = initial retarding voltage
then taking the first derivative with respect to the
retarding voltage Er gives us an expression which is
proportional to the electron energy distribution.

dI

(Er) /dEr cx N(Er)

Taking the first derivative of the collector current
gives us the distribution described in Figure 7.

Taking

the second derivative helps us to distinguish these peaks
from the background.

All of the Auger spectra in this

study are displayed as second derivative spectra.

The second derivative spectrum can be obtained
directly by measuring the second harmonic of the collector
current.

Harmonics arise as a direct result of applying
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Collector Current vs Retarding Field Voltage

I(E )

E

Figure 8.

r

Collector current vs retarding field voltage
when grid optics are used as an RFA for
collecting Auger spectra.
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an AC modulating voltage on top of the DC retarding field.

If we use E to represent the instantaneous voltage applied
to the retarding grids at any particular moment in time
then

E = Er+Emsin(cat)

where Em is the amplitude of the modulating signal. The

collector current is then a function, I(E), of the time
dependent voltage applied to the grids.

I(E) can be

expanded in a Taylor series and the amplitudes of the
resulting harmonics determinedw.

When the derivative

spectrum is desired, it is the second harmonic that is of
interest, since the amplitude of the second harmonic is
proportional to I"(E).

2.

Theoretical aspects of LEED

The basic diffraction condition of the LEED
experiment can be described by the equation given below42.

It is simplified in that the scattering is described in
terms of a one dimensional solid but nevertheless
illustrates the underlying Bragg reflection criterion.
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a(sinOf - sined = nl

Where

a = spacing between scattering centers
Of= scattered beam angle
Oi= incident beam angle

= wavelength of the electron

This equation can also be expressed in terms of wave
vectors, in which case, it is the difference between the
scattered wave vector and the incident wave vector that is
equal to nA.

a (gf - Si) =

then

AS = nA/a

In this form it can be seen that the change in the wave
vector is proportional to the reciprocal lattice spacing.

LEED patterns, for this reason reflect the reciprocal
lattice symmetry of the scattering crystal face.

Figure 9

is a diagram illustrating the angles involved in the
diffraction of an electron beam by a one dimensional
surface42.
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Figure 9.

Diagram illustrating the diffraction of an
electron beam by a one dimensional surface.
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F.

Adsorption and the introduction of gases into the
vacuum chamber

Two different methods were used to adsorb gases on
the sample, the first, a "dosing" method and the second,
the "exposure" method.

In both cases the sample was

exposed to a constant pressure of gas for a measured
length of time.

The amount of the gas which ultimately

comes in contact with the surface is proportional to the
pressure and the time that the pressure is maintained at
the sample surface.

This is reported in units of

Langmuirs where 1 Langmuir = 1x10-6 torr-sec.

In these experiments the pressure was measured using
an ionization gauge situated about 30 cm below the sample
in the vacuum chamber.

Gases were introduced through leak

valves and discharged into the chamber at a position on
the same horizontal plane as the sample.

In the case of

the "dosing" method the crystal face was positioned
directly in front of the leak valve outlet.

When this

method is used the measured pressure is considerably less
than the actual pressure at the crystal face.

Generally

the "dosing" method was used to obtain rapid saturation
coverage with the gas.

In the "exposure" method the

sample was positioned at least several centimeters away
from the leak valve outlet with the crystal face pointed
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away from the direct stream of the gas.

It is estimated

that the dosing method provides an order of magnitude
enhancement over that of the exposure method.

In either

case, the exposure or dose is only a relative measure of
the amount, of material that actually contacted the surface
of the crystal.

Auger spectra were used to follow the

uptake of the gas, usually ethylene, as a function of the
"exposure" or "dosing"

as measured in Langmuirs.
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III.

A.

CLEAN SURFACE STRUCTURES AND LEED PATTERNS

The Clean Ti(001) Surface

Titanium crystallizes as a hexagonally close packed
(HCP) metal with lattice constants20 of a=2.951A and

c=4.683A resulting in a c/a ratio of 1.587.

The Ti(001)

face is the close packed basal plane of the crystal with
unit mesh vectors of 2.95A.

The crystal consists of close

packed layers of Ti atoms stacked in an ABABAB
arrangement.

In the four digit notation the basal plane

is designated as the Ti(0001) surface with Miller indices
of h, k, -(h+k), and 1, respectively43.

Figure 10a is a

diagram showing the unit mesh of the basal plane and 10c
is a perspective drawing of the crystal.

The normal incidence LEED pattern as observed for the
clean basal plane of titanium is illustrated in Figure 11
with the (00) beam and the first order diffraction spots
labeled.

The pattern has the expected six-fold symmetry

for a surface terminated with equal numbers of ABAB-A and
ABABA-B domains21.

Were the surface preferentially

terminated with either the A or the B layer, the LEED
pattern would reflect 3-fold symmetry.

Half of the six

first order beams would then appear with intensities
different from those of other three beams.
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The LEED pattern illustrated in Figure 11 was
observed after following the cleaning procedures described
in the previous section.

Before observing the LEED

pattern, the Auger spectrum of the sample was recorded for
both the contaminated and the clean Ti(001) surface.

Figure 12 is a reproduction of those spectra in which the
principal Auger transitions are listed.

On the

contaminated surface the sulfur LMM, chlorine LMM and
carbon KLL Auger transitions are detected at 151, 183, and
273 eV respectively22.

Both the clean and the

contaminated surfaces display Auger peaks at 388 and 419
eV, these are titanium LMM transitions.

The titanium

spectrum also contains weaker intensity Auger
transitions23 at 27, 330, 354, 364, 383, and 451 eV.

Some

of these peaks are not resolved by the Auger equipment
available in our laboratory and may appear only as a small
dip on the edge of a more intense transition.

Nitrogen

and oxygen are also found on the contaminated surfaces of
titanium but are not labeled in the spectra of Figure 12.

Oxygen has a KLL transition at 512 eV and nitrogen has a
KLL transition which occurs at 386 eV22.

Nitrogen is

difficult to detect on the titanium surface since its
Auger transition occurs at roughly the same energy as one
of the principal titanium Auger peaks23.
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Figure 10.

HCP structure of the Ti single crystal.
a.)

Unit mesh for the Ti(001) surface.

b.)

Unit mesh for each of two possible
terminations of the Ti(100) surface.

c.)

Perspective drawing of Ti crystal

illustrating lattice vectors and the ABAB
stacking of close packed layers.
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Figure 11.

LEED pattern diagram for the clean Ti(001)
surface.
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Figure 12.

Auger spectra of the clean and contaminated
Ti(001) surface.
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B.

The clean Ti(100) Surface

The Ti(100) or Ti(10-10) surface has rectangular
symmetry with unit mesh vectors20 of x=2.95A and y=4.683A.

Figure 10b is a diagram of the unit mesh for this surface.

In the figure, the top layer and the second layer down
into the crystal are depicted for both possible
terminations of the surface.

The uppermost layer of atoms

is shaded.

After cleaning and annealing the surface, a LEED
pattern with the expected rectangular symmetry was
obtained, see Figure 13.

It should be noted that the LEED
It is

pattern reflects the reciprocal unit mesh symmetry.

for this reason that the spacings along the kx direction
of the pattern, appear longer than those along the ky
direction.

In real space the x direction has the shorter

spacing between surface atoms and is responsible for
generating the LEED pattern along the kx direction.

The

Auger spectrum of the clean and contaminated Ti(100)
surface is contained in Figure 14.

As with the (001)

surface, when the sample is first placed in the chamber it
is found to be covered with sulfur, chlorine, carbon,
nitrogen, and oxygen.

Following the cleaning procedures

described in section IIC removes these materials from the
surface as can be seen from the clean surface spectrum.
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LEED pattern for the clean Ti(100) surface.

43

ri fil\.tiwt

dirty

C

4

CI

S

clean

I

Ti (388)

Ti(419)
I

100

Figure 14.

200

300

400

500

Auger of the clean and contaminated Ti(100)
surface.

44
C.

Structure of the TiC13 catalyst

Titanium trichloride can be prepared with four
different crystalline structures.

These structures can be

thought of as being constructed from different stacking
arrangements of close packed chlorine atoms in which Ti
Figure

atoms occupy octahedral holes between the layers.

15 is an illustration showing a graphite like arrangement
of Ti atoms sitting on top of a close packed base of
chlorine atoms.

If the top layer of chlorine atoms were

removed from the a, y, or S forms of the compound, the Ti
atoms would appear as in Figure 15.

The difference

between the three forms of TiC13 is the manner in which
the layers are stacked.

In a-TiC13 the stacking of the Cl layers is in an AB-

AB arrangement, yielding a hexagonally close packed array
of Cl atoms.

In y-TiC13 the chlorine layers are stacked,

ABC-ABC, which is the fcc or face centered cubic
arrangement.

The stacking of Cl layers in (5-TiC13 is a

random mixture of AB and ABC stacking patterns.

The cS

form is obtained by prolonged grinding of a or y-TiC1326
Figure 16 contains drawings the various forms of TiC13

including the fourth or 0 form of the compound which is a
linear polymeric forma'.
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Ti -

CI -

Figure 15.

0

Graphite like arrangement of Ti atoms on a
close packed layer of chlorine.

If the first

layer of Cl atoms from the a, y, or S forms of
TiC13 were removed, the compound would have
the appearance depicted above'.
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IV.

A.

RESULTS

Adsorption of ethylene on the clean Ti(001) surface

1.

Uptake of ethylene at various sample
temperatures

In this set of experiments the clean Ti(001) surface
was sequentially exposed to various amounts of ethylene,
up to a total of 40 Langmuirs.

An Auger spectrum was

recorded after each ethylene exposure and the C(273) peak
height was then graphed vs Langmuirs of ethylene.

The

results for the room temperature experiment are recorded
in Figure 17.

While performing similar experiments in

which ethylene is used as a carbon source, it was found
that the apparent saturation limit for carbon coverage
will vary with the sample temperature.

Figure 18 is a

graph illustrating the temperature dependence of the
C(273) Auger peak height.

In this experiment the Ti(001)

sample was heated to the desired temperature and then
dosed with 7 Langmuirs of ethylene.

An Auger spectrum was

taken and the C(273) peak height plotted on the graph.

This process was repeated after cleaning the sample to
remove the surface carbon from the previous trial.
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Figure 17.

Adsorption of ethylene on the Ti(001) surface.
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Figure 18.

C(273) Auger peak height vs temperature at
which the Ti(001) surface was dosed with
ethylene.
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Cleaning was performed by annealing the sample at
temperatures of between 600 and 650C.

In yet another variation of the above experiment, the
clean Ti(001) surface was dosed with 7 Langmuirs of
ethylene at a temperature below 115C.

The C(273) Auger

peak height was measured immediately after dosing.

The

sample was then heated at 10°C/s to an elevated
temperature and maintained at that temperature.

As soon

as the temperature ramp had reached its fixed elevated
value, the C(273) Auger peak height was measured again.

Thereafter, at various time intervals, the C(273) Auger
peak height measurement was repeated, all the while
maintaining the sample at the same constant elevated
temperature.

The procedure just described was repeated

for six different temperatures.
temperature of 450C.

A blank was also run at a

The only difference in the procedure

for the blank was that the sample was not dosed with
ethylene at all.

The data obtained from the experimental

procedure described above are reported in Table 1.

Looking at Table 1, the first column labeled, "Time
at final temp.", reports the elapsed time after the 10°C/s
temperature ramp had reached its final value.

That final

peak temperature is reported at the top of each subsequent

51

Time at
Blank
7L
7L
7L
7L
7L
7L
final temp. (undoseci) ethylene ethylene ethylene ethylene ethylene ethylene
450 C
3000
400C
450C
475C
485C
500C
(min)
Initial peak ht.
before temp.
ramp

3.0

18.4

29.8

25.2

19.6

23.0

26.6

0

3.0

25.3

39.0

40.0

20.5

28.7

37.1

1

4.3

25.6

41.8

40.0

20.6

24.8

33.1

2

4.7

25.3

41.0

40.5

19.9

23.2

32.7

5

5.2

26.6

42.0

41.8

19.6

21.9

29.7

10

5.3

26.7

42.0

43.9

19.6

24.0

29.7

43.9

46.0

46.6

46.4

15

20

6.6

27.7

20.2

25.6

47.6

25
30

30.1

7.4

28.0

48.0

29.0
29.5

49.8

22.0

24.3

52.6

22.6

27.1

22.6

28.4

35
40

8.4

54.4

45
50

11.1

31.3

55
60

Table 1.

11.8

57.5

The C(273) Auger peak height is listed after
various time intervals, while maintaining the
sample at an elevated temperature.

For each

temperature, prior to heating, the sample was
dosed with 7L of ethylene.
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column along with the dosage of ethylene that the sample
received before the temperature ramp.

The remaining

The first row

entries are the C(273) Auger peak heights.

of the table reports the C(273) Auger peak height
immediately before the temperature ramp.

The remaining

rows report the C(273) Auger peak height after the
indicated time at the final temperature.
Examination of the data in Table 1 under the 300,

400, and 450C columns, indicates that the C(273) Auger
signal from the ethylene dosed sample, increases upon
heating without any further exposure to ethylene.

The

increase is rapid at first followed by a steady almost
linear change in the Auger signal.

The source of this

additional carbon reaching the surface is most likely the
bulk or sub-surface layers of the material.

This was

checked by running a blank, in which the clean undosed
Ti(001) surface was heated to 450C at 10°C/s and then

maintained at this temperature for 60 minutes (see Table 1
under the column heading "Blank").

For the blank there

was no initial rapid increase in the C(273) peak and only
a small linear uptake of carbon during the following 60
minutes.

The behavior of the C(273) Auger peak height
described in the previous paragraph, seems to indicate
that the ethylene molecule is cracked on the clean Ti(001)
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surface when the sample is dosed at room temperature.

As

evidence that ethylene cracks on the surface, compare the
450C blank column of Table 1 with the 450C ethylene dosed
column.

For the blank, the initial C(273) peak height

shows no increase when the Auger spectrum is taken, first
at room temperature and then immediately after the sample
has reached 450C (ie. at time 0).

For the following 60

minutes, the blank shows only a slow rate of increase in
the C(273) signal.

This slow increase in carbon, from an

Auger peak height of 3.0 at time 0, to a value of 11.8
after 60 minutes, establishes the background uptake of
carbon for the surface at 450C.

The source of background

carbon is probably both residual CO in the chamber and
residual carbon dissolved in the bulk of the crystal.

For the sample dosed with ethylene and then ramped to
450C, the C(273) Auger peak height increases from a value
of 25.2 before the temperature ramp, to a value of 40.0
after the temperature ramp.

Then, during the ensuing 60

minutes, the C(273) signal increases further, to a final
value of 57.5.

Both the rate at which the carbon signal

increases and the magnitude of the increase is greater for
the ethylene dosed sample at 450C than for the blank.

Since the blank was run after the ethylene dosing
experiments, the bulk of the crystal probably contained a
significant amount of carbon.

Had the blank been run
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before the dosing experiments the background uptake of
carbon would most likely

have been even lower.

It

appears that the ultimate source of the additional carbon
that migrated to the surface on heating, was the ethylene
that was dosed onto the sample before the temperature
ramp.

Without any further exposure to ethylene the C(273)

Auger peak height increased when the sample was heated.
That being the case, at the time of the dosing, some of
the carbon atoms from the ethylene molecule must have
migrated to the sub-surface layers of the sample.

Rather

than forming a monolayer of ethylene at the surface,

carbon diffuses into the bulk where it is not detected by
Auger spectroscopy.

For this to occur, a fraction of the

ethylene molecules would have to crack, leaving carbon
and/or ethylene fragments deposited on the surface.

Hydrogen may occupy surface sites or diffuse into the
bulk.

Going back to Table 1, under the column headings 475
and 485C, it can be seen that the C(273) Auger peak height
remains relatively constant, both immediately after the
temperature ramp and over the ensuing time interval at
elevated temperature.

This makes the region between 475C

and 485C a transition region where the rate of diffusion
of carbon into the bulk is roughly equal to the rate of
diffusion to the surface.

Finally, under the column
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heading for 500C, the C(273) Auger peak height increases
immediately after the temperature ramp but then decreases
This seems to indicate that at

steadily thereafter.

temperatures above about 500C, diffusion of carbon into
the bulk predominates.

In fact, the procedure for

cleaning the crystal calls for annealing the sample at
between 600 and 650C.

It is expected therefore, that as

the test temperature is increased toward 600C, that at
some point, the C(273) peak would begin to decrease after
the temperature ramp.

In view of the above the uptake curve of Figure 17

represents an increase in surface carbon relative to a
clean sample, rather than an increase in molecularly
adsorbed ethylene.

Further, it appears that the carbon

from the cracked ethylene molecule is partitioned between
the surface and bulk layers of the sample.

The largest overall increase in the C(273) peak
height occurs for the dosing experiment of Table 1,
performed at 450C.

This correlates with the data of

Figure 18 where the maximum C(273) Auger peak height
attained was for a dosing temperature of somewhere between
480 and 580C.

Dosing the sample with even larger amounts

of ethylene while maintaining the temperature at about 450
C should produce a surface containing the maximum amount
of carbon.

The next step was then to produce such a
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surface and examine the resulting LEED pattern for ordered
structures.

The surface was dosed with two successive 7 Langmuir
quantities of ethylene at a sample temperature of 450C and
the Auger spectrum of Figure 19 was recorded.

Comparison

of the Auger line shapes for carbon with those reported in
the literature for graphite, diamond, Mo2C and SiC27,"

indicate that the surface is covered with a carbidic form
of carbon.

The Auger spectrum for carbidic carbon has

several small sharp peaks which occur just before the main
transition at 273 eV.

Also, Mizokawa40 found that the

peak width between the positive and negative maximum of
the main Auger transition for the second derivative
spectrum of the sample could be used as a fingerprint to
characterize the type of carbon present.

For graphite, a

peak width of the order of 23 eV was reported and for SiC
a peak width of about 10 eV was reported.

The peak width

for the main transition for carbon in the spectrum of
Figure 19 was measured at less than 10 eV supporting the
contention that a carbidic layer was formed on the Ti(001)
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Figure 19.

Auger spectrum of the Ti(001) surface after
dosing the sample at 450C, with a total of 28L
of ethylene.
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surface.

Figure 20 contains Auger spectra of TaC and

graphite illustrating the differences between the carbidic
and graphitic types of carbon22.

The presence of carbidic

carbon is also evidence for the cracking of ethylene, in
this case, at 450C.

2.

LEED examination of the carbided Ti(001) surface

Immediately after preparing the carbided Ti(001)

surface, using the procedure described above, the LEED
pattern was observed to be a diffuse hexagonal pattern.

The resolution of the pattern improved after the sample
was annealed for 5 minutes at 550C.

This resulted in a

7.5% decrease in the C(273) Auger peak height, but then
after cooling, a sharp hexagonal LEED pattern with
triangular pattern of spots was observed.

Figure 21 is a

diagram of the LEED pattern that was observed.

This same

pattern was retained even after an additional 5 minutes of
annealing, this time at 600C.

After the second anneal,

the C(273) peak was reduced in size from its initial value
by 14.7%.

Previous experience, gained during the clean up of
the sample, indicated that annealing at temperatures above
about 590 C for one or two minutes, would usually be
sufficient to remove all traces of carbon from the
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Auger spectra22 of the carbon transitions for

TaC and graphite, illustrating the difference
in peak shape between carbidic and graphitic
carbon.
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LEED Screen

Figure 21.

Sample Holder

LEED patterns observed after dosing the
Ti(001) surface with a total of 28 L of
ethylene at a temperature of 450C.

Varying

the beam energy causes the triangles to
invert.
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surface.

For the carbided Ti(001) surface however,

extended annealing even at 600C failed to cause all of the
surface carbon to disappear.

It appears therefore, that

the carbidic layer, as an entity, is particularly stable
compared to carbon adsorbed at lower concentrations.

The LEED pattern of the carbided surface retained the
hexagonal symmetry of the Ti(001) face of the crystal, but
on first examination the spots appeared to have a
triangular shape.

Closer scrutiny of the spots revealed

that the integral order beams of the clean Ti(001) pattern
were surrounded by a multiplet of new diffraction spots.

If the new spots were observed closely while varying the
primary beam energy, the triangular beam pattern appeared
to invert.

That is, the apex of the triangle would switch

positions with the base (see Figure 21).

At beam energies

between the values at which the triangles invert, a set of
six multiplets were weakly visible.

The spacing between

the multiplets was of the order of 3 to 4% of those for
the clean Ti(001) surface.

This behavior indicted that the new beam multiplets
exist as two, 3-fold symmetric sets, surrounding each
integral beam of the clean surface pattern.

Such multiple

diffraction patterns can be caused by the formation of an
overlayer with unit mesh vectors along the same directions
as on the original clean surface28'45.

The length of the
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new unit mesh vectors is about 3% longer than for the
clean surface, which accounts for the spacing between the
multiplets.

The observation that the new spots have 3-fold
symmetry implies that the surface of the sample was
changed from six to three fold symmetry.

The structure of

the clean Ti(001) surface was discussed in section III of
the text.

It was explained there, that the hexagonal

symmetry of the LEED pattern was due to an equal mixture
of two possible surface terminations, namely, ABAB-A and
ABABA-B.

The 3-fold symmetry of the multiple diffraction

features, indicate that the new surface termination
somehow masks the effect of the stacking domains.

The carbide layer forming on the Ti basal plane can
be explained in terms of the formation of an epitaxial
TiC(111) surface, terminated with a layer of titanium
atoms (see Figure 22).

For this to occur, the carbon

atoms must penetrate to the sub-surface layers of the
crystal when the ethylene molecule decomposes.

After

annealing, the two possible stacking arrangements of the
layers are then, ABAB-C-A or ABABA-C-B, where "C" refers
to the carbon.

The multiple diffraction spots have 3-fold

symmetry since the -C-A termination is indistinguishable
from that of the -C-B termination.

In both cases the

carbon atoms occupy octahedral holes between the layers of
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Ti atoms.

Looking down into the (001) face of a

hexagonally close packed metal, the positions of the
octahedral holes appear directly above and below one
another.

There is no ABAB registry for the octahedral

holes since they are formed between the layers as result
of the ABAB stacking of the substrate atoms.

Note that it

requires two close packed layers of metal atoms to produce
one layer of octahedral holes.

In fcc structures the

octahedral holes have ABAB registry as a result of the
ABCABC stacking arrangement of the close packed layers.

This explanation is in agreement with the crystalline
geometry of the TiC(111) surface.

Titanium carbide

crystallizes with the NaC1 structure with a lattice
constant of a=4.328A29.

The TiC(111) face has hexagonal

symmetry and interatomic distances of 3.062A.

This is

approximately 3.8% larger than the interatomic distances
of the close packed atoms of the Ti(001) surface which has
a spacing of 2.95A.

Figure 22 is an illustration of the

TiC crystal showing the TiC(111) plane along with a
diagram of the Ti(001) and TiC(111) faces.

In the diagram, the TiC(111) face is shown with the
surface terminated with Ti atoms.

This is apparently the
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Crystalline structure of TiC showing the
TiC(111) face.
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preferred termination for this face of the TiC crystal.
Other researchers have found this to be the case in their
studies of TiC.

Sproul30, found the (111) face to be the

preferred orientation for TiC crystals grown by reactive
sputtering and Weaver et a131 reported a Ti rich surface

on the polished (111) face of TiC single crystals grown by
the hot pressing technique.

Zaima32 et al, has since

confirmed, using ion scattering methods, that TiC(111) is
in fact terminated with Ti atoms.

B.

Adsorption of ethylene on the clean Ti(100) surface

A set of experiments similar to those performed on
the basal plane, were also carried out on the Ti(100)
surface.

The adsorption of ethylene was investigated at

room temperature and at reduced temperatures.

Figure 23

contains the uptake curves at sample temperatures of 30C
and -124C.

In both cases the exposure method was used

rather than the dosing method.

Also the average

temperature of the sample during exposure to ethylene is
reported.

The sample temperature range was between 28 and

32C for the room temperature exposure and between -110 and
-138C for the reduced temperature exposure.

Examination of the graphs in Figure 23 reveals that
between about -138 and 32C the uptake of ethylene on the
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Ti(100) surface is essentially the same.

In order to

determine if saturation of the surface was indeed
occurring, the sample was dosed with a large amount of
ethylene and the maximum C(273) peak height compared with
that attained using the exposure method.

Figure 24 is a

graph of ethylene uptake using the dosing method for a
temperature range of 28 to 32C.

Even after a dose of

approximately 35L, the maximum amount of ethylene detected
at the surface was essentially the same as for the
exposure method, in which only 9L of ethylene were used.

From the above data it would at first appear that the
C(273) Auger peak height does not depend on the sample
temperature at the time of ethylene exposure.

The

ethylene uptake data also seem to indicate that the
Ti(100) surface is saturated with carbon after about 7L of
ethylene for sample temperatures between -138 and 30C.

Further experimentation, reveals that the (100) surface
can, in fact hold more carbon than the saturation amount
indicated in Figures 23 and 24.

Also, the C(273) Auger

peak height after the surface is exposed to ethylene,

appears to show a temperature dependence similar to that
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Figure 23.

Adsorption of ethylene on the Ti(100) surface
using the exposure method.
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Adsorption of ethylene on the Ti(100) surface
using the dosing method.

69

described for the (001) surface in Table 1.

This is

described in the next paragraph.

The Ti(100) sample was cooled to -100C and exposed to
8L of ethylene.

The sample was heated slowly and the

C(273) Auger peak height was recorded at various
temperatures.

The data is plotted in Figure 25.

The

graph indicates that for temperature increases above the
dosing temperature of -100C, carbon migrates to the
surface.

As with the basal plane the maximum C(273) peak

height occurs at temperatures well above room temperature.

In this case at about 350C as opposed to 450C for the
basal plane experiment reported on in Table 1.

The

important feature for the data of Figure 25 is, the
significant increase in the C(273) peak height on heating
and not the temperature at which the maximum peak height
occurs.

The fact that the C(273) peak height increases on

heating, indicates that both the (100) and the (001)

surfaces of Ti behave in a similar fashion when dosed with
ethylene.

The above data seem to support the idea that

the additional carbon is coming from the bulk or subsurface layers of the crystal.

Referring back to Figure 23, immediately after
obtaining the uptake curve for ethylene at -124C, the LEED
pattern for the (100) surface was examined.
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Figure 25.

C(273) peak height vs temperature for the
Ti(100) surface.

The sample was exposed to 8L

of ethylene at -100C and the Auger spectrum
recorded as the temperature was increased.
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No diffraction features were observed.

After heating to

between 20 and 80C and then re-cooling the sample, some
spots become weakly visible.

Following the same procedure

except heating to 330C, results in a streaked rectangular
LEED pattern.

Examination after heating to 400C revealed

a rectangular pattern similar to the clean surface, except
that the spots were large and diffuse, without a sharp
boundary.

The interesting feature of this is that as the

sample is heated, more carbon appears to be deposited at
the surface and the LEED pattern becomes sharper.

An explanation for the behavior of the LEED pattern
for the ethylene covered Ti(100) surface is that on
dosing, a fraction of the ethylene molecules crack and the
carbon atoms become randomly distributed in the octahedral
interstices of the first few atomic layers of the sample.

The random distribution of carbon atoms at the surface
disrupts the LEED pattern.

Annealing, allows carbon in

the sub-surface layers to diffuse to the surface.

This

permits the octahedral holes below the first layer of Ti
atoms to fill more completely with carbon.

Both of these

effects would help to restore an ordered arrangement at
the surface and hence restore the LEED pattern.
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C.

Chlorine dosing of titanium surfaces

The chlorine source described in Figure 3 was used to
dose the various crystal faces of the Ti samples studied
in this section.

Since this was an electrochemical

source, the exposure or dose of chlorine, can be measured
in microcoulombs of cell current rather than Langmuirs.

The cell current was generally held constant, usually at
10gA and the exposure time measured in seconds.

The

resulting dose of chlorine, measured in microcoulombs, is
the product of time in seconds and microamperes of cell
current.

1.

Dosing the Ti(001) surface with chlorine

The uptake of chlorine by the Ti(001) surface was
followed by measuring the change in the C1(183) Auger peak
height with each successive dose of chlorine applied to
the surface.

The curves of Figure 26 were measured at 30,

300 and 600C as indicated in the figure.

The difference

in the shapes of the curves may be due to a slightly
different geometric relationship between the sample and
the chlorine gun outlet for each set of experiments.

The

rate of chlorine uptake at low coverage is a function of
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the distance of the sample from the source outlet, as well
as the angle of the sample relative to the Cl gun and the
sticking coefficient.

Titanium is extremely reactive toward chlorine and
the sticking coefficient, even at room temperature is
thought to be close to unity33.

One might therefore

expect the curve shapes for Cl uptake to be essentially
the same for all surface temperatures.

The data in Figure

26 seem to indicate a slightly slower rate of Cl uptake at
600C.

It is believed that some of the chlorine applied at

the higher temperature (600C), may be induced to desorb
from the surface by the migration of sulfur from the bulk
of the crystal.

Other researchers34 have reported sulfur

induced Cl desorption when working at temperatures of
600C.

Hence, the rate of Cl uptake at 600C may be

somewhat slower than for the curves obtained at lower
temperatures.

Sulfur induced chlorine desorption will be

discussed more fully in the sections to follow on sulfur
segregation.

The only additional feature of sulfur-chlorine
desorption that needs to mentioned at this point is that
during the desorption process both sulfur and chlorine are
lost from the surface.

This means that for small amounts

of sulfur segregation to a heavily chlorinated surface,

the only observable feature of the Auger spectrum is the
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decrease in the C1(183) Auger peak.

The S(151) peak is

not observed since any sulfur reaching the surface is
desorbed.

2.

Formation of a chlorine coincidence layer on the
Ti(001) surface

After dosing the clean Ti(001) with a saturation dose
of chlorine and annealing at temperatures at or above
600C, the LEED pattern was examined.

It was observed that

each of the substrate beams had been split into multiple
spots that were arranged in a hexagonal pattern (see
Figure 27).

The same result could be achieved if the

temperature of the sample while dosing with Cl was
maintained at 600C.

It should be noted that the crystal on which these
experiments were performed was meticulously cleaned of
sulfur impurities by the methods described in section IIC.

It was possible, having worked with this crystal for
several months, to anneal to 720C with only small amounts
of sulfur migration to the surface.

Attempts to reproduce

these results on a crystal that contained higher levels of
sulfur, failed the first few times that it was tried.
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Figure 27.

Diagram of the coincidence LEED pattern formed
on the chlorine covered Ti(001) surface.
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Subsequent attempts were successful after further cleaning
and by annealing at somewhat lower temperatures.

Even so,

the pattern was not as sharply resolved as on the cleaner
crystal, where higher annealing temperatures, were
On the clean crystal, the use of high annealing

possible.

temperatures did not result in sulfur induced chlorine
desorption.

Annealing the sample seems to be necessary to develop
the new LEED pattern even though the amount of chlorine on
the surface does not appear to change by more than a few
percent.

This implies that the adsorbed state of the

chlorine changes on annealing.

Electron stimulated

desorption (ESD) data also indicate that this is the case.
Before annealing, the chlorine layer covering the (001)

surface is slowly desorbed if the electron beam impinges
on the sample for an extended period of time (see Figure
28).

occur.

After annealing it is suspected that ESD will not
Unfortunately, an ESD experiment was not tried for

the (001) surface after annealing.

It was however

demonstrated, that the chlorine covered Ti(100) surface
did not exhibit ESD after annealing above 600C.

However,

for the (100) surface, an ESD experiment was not performed
before annealing.

If the two surfaces are assumed to

behave similarly to chlorine exposure, the ESD data would
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Electron stimulated desorption of Cl from the
Ti(001) surface before annealing and from the
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indicate that, in fact, the bonding does change on
annealing.

The LEED pattern obtained after annealing can be
explained in terms of the formation of a coincidence layer
of chlorine on the Ti(001) surface.

The spacing between

the multiple spots of the new LEED pattern is 1/16 that of
the distance between clean substrate spots.

In addition

the new features are orientated along the kx and k
directions in the same manner as the clean substrate
spots.

The interference pattern

produced is consistent

with multiple diffraction of the substrate beams by the
chlorine overlayer.

Since the LEED pattern reflects the

reciprocal symmetry of the surface, the repeat distance in
real space, for the coincidence lattice, is 16 times the
spacing between substrate atoms.

The substrate spacing is

2.94A and thus the coincidence lattice has a unit mesh
vector of 16 x 2.94A or 47.04A.

Also, since the registry

of the new spots is the same as for the clean substrate,

the overlayer is most likely aligned with the unit mesh
vectors of the substrate.

As was explained earlier in the text, a coincidence
layer forms when the overlayer is arranged on the surface
in such a manner that the substrate and the overlayer both
have a common repeat distance.

The repeat spacing for the

substrate occurs for 16 Ti atom diameters or 47.04A.
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Using the ionic or van der Waals radius of 1.81A for the
chlorine atom, gives a repeat spacing of 13 chlorine atom
diameters (13 x 3.62A = 47.06A) to yield the coincidence
spacing.

The ionic radius for Cl- is essentially the same

as that of the van der Waals radius".

Figure 29 is an

edge view of the Ti crystal, depicting the coincidence
spacing for chlorine atoms sitting on the (001) face.
The chlorine

coincidence layer is a close packed

layer that mimics the arrangement of chlorine in TiC13. In
TiC13 however, the Ti atoms occupy 2/3 of the octahedral
holes between close packed layers of chlorine.

The

coordination number is 2 for chlorine and 6 for titanium.

The chlorine layers are held together by van der Waals
forces.

The coincidence layer, on the other hand,

consists of a single layer of Cl atoms bonded to a Ti
surface.

Based on the size of the unit mesh of the

coincidence layer, this amounts to a ratio of Cl to Ti of
about 0.66.

Up to this point all of the work that was reported on
for the Ti(001) surface was performed on the same
crystalline sample.

That sample was accidentally

converted to a polycrystalline material during an
annealing procedure, when the temperature exceeded the
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Figure 29.

Diagram of chlorine atoms sitting on the
Ti(001) face as viewed from the edge of the
crystal (ie. the 100 face).

82

phase transition temperature for titanium.
bulk phase transition at about 885 C37'38.

Titanium has a
All subsequent

work on the (001) face of Ti was done on a crystal that
had a higher level of bulk sulfur.

It was possible

however, to obtain a sulfur free surface if annealing
times and temperatures were kept to a minimum.

3.

Dosing the Ti(100) surface with chlorine

The Ti(100) surface was dosed with chlorine in the
same manner as the (001) surface.

The uptake curves were

recorded for sample temperatures of 37 and 650C and are
presented in Figure 30.

Examining the two graphs, the

elevated temperature dosing curve approaches an apparent
saturation level that is significantly smaller than its
room temperature counterpart.

As was explained for

chlorine dosing on the (001) surface, the difference
between the curves is thought to be caused by sulfur
induced desorption of chlorine at elevated temperature.

The Ti(100) sample had higher levels of bulk sulfur than
the Ti(001) crystal.

The difference in the apparent Cl

saturation levels at various temperatures is therefore
more pronounced on the (100) sample than on the basal
plane sample.

Also, the (100) surface was dosed at 650C
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Chlorine uptake on the Ti(100) surface.
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as opposed to 600C for the basal plane.

4.

LEED pattern of the Cl covered Ti(100) surface

The clean Ti(100) surface was dosed with 4400 gC of
chlorine at close to room temperature and the Auger
spectrum was recorded.

The temperature was then ramped to

590C and the sample annealed for 5 minutes.

Upon cooling

the Auger spectrum was recorded again, after which, it was
observed that the C1(183) peak height had decreased by
between 34 and 38%.

Figure 31 contains the Auger spectra

described above.

The sample was then further cooled to -23C and the
LEED pattern was photographed over a beam energy range of
70 to 118 eV at 2 eV intervals.

The pattern was observed

to have multiple spots along both the kx and the ky
directions.

When compared with photographs of the clean

LEED pattern for the Ti(100) surface, the overlayer was
determined to produce a 4x6 LEED pattern.

Figure 32 is a

diagram of the LEED pattern illustrating the overlayer
spots in relation to the clean Ti(100) spots.
As with the basal plane the Cl covered Ti(100)

surface had no discernible diffraction features unless the
sample was annealed.

Since the sample used in this part
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Auger spectrum for the Ti(100) surface before
(upper trace) and after annealing for
minutes at 590C.
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Figure 32.

LEED pattern for the Cl covered Ti(100)

surface observed after annealing for 5 minutes
at 590C.
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of the study contained a higher level of bulk sulfur than
the crystal used for the basal plane work, annealing
caused a significant amount of sulfur induced chlorine
desorption.

Any interpretation of the LEED pattern of

Figure 32 must, therefore be in agreement with the
chlorine coverage after annealing.

In order to decipher the LEED pattern obtained after
annealing, a hypothetical model can be created depicting
how the chlorine atoms might have been arranged on the
surface if no sulfur induced desorption had occurred.

To

construct this model, consider the behavior of the clean
basal plane surface when dosed with chlorine.

After a

saturation dose of chlorine at room temperature no ordered
LEED pattern is observed.

After annealing at 650C, the

coincidence LEED pattern described previously for the
Ti(001) surface is obtained and the Cl(183) Auger signal
is unchanged from its post annealed intensity.

Assuming

that the Ti(100) surface would behave in a manner similar
to the basal plane, a coincidence layer of chlorine atoms
can be constructed along the troughs of the (100) surface.

Figure 33 is a diagram of a hypothetical chlorine
coincidence layer on a Ti(100) surface.

Had such a

structure formed it would have a 16x1 LEED pattern.

No

such pattern was observed after annealing, but a 16x1
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- Lower layer of Ti atoms

- Upper layer of Ti atoms

Figure 33.

Hypothetical coincidence layer model for a
chlorine covered Ti(100) surface.
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pattern may have been formed if a crystal with lower
amounts of bulk sulfur was available.

Recall that when

the Cl covered (100) surface was annealed 34 to 38% of the
Cl was lost.

This coincidence layer model can now be used to
decipher the 4x6 LEED pattern that was actually observed
for the chlorine covered Ti(100) surface.

To do this,

chlorine atoms are removed from the model in a manner
consistent with the observed decrease in the C1(183) Auger
intensity, after the Cl covered Ti(100) surface was
annealed.

That is, approximately 35% of the Cl atoms are

removed from the model.

This can be accomplished by

removing every third Cl atom from the hypothetical
chlorine coincidence layer.

The overlayer structure that

remains is diagramed in Figure 34.

The structure of

Figure 34 has the correct number of chlorine atoms
consistent with the Auger data described above, but does
not have the geometry necessary to fit a unit mesh that
would produce a 4x6 LEED pattern.

To fit a 4x6 LEED

pattern to the Cl coverage of Figure 34, a rearrangement
of Cl atoms is necessary.
rearrangement.

Figure 35 illustrates that

The chlorine coverage in Figure 35 is the

same as that for Figure 34 but the unit mesh of the Cl
overlayer is consistent with a 4x6 LEED pattern.

Since

the adsorbed chlorine atoms are currently thought to carry
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a charge of close to -135'36, it is likely that repulsive

forces between chlorine atoms are responsible for any
surface rearrangement.

The Cl overlayer diagram of Figure

35 is consistent with both the Auger and LEED data
presented in this section.

The arrangement of Cl atoms

within the unit mesh as illustrated in Figure 35 is,

however only one of many possible ways in which the Cl
atoms can be positioned and still produce the 4x6 LEED
pattern.

The definitive locations of the chlorine atoms

within the unit mesh cannot be determined from the
symmetry of the LEED pattern alone.
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- Lower layer of Ti atoms
- Upper layer of Ti atoms

Figure 34.

Chlorine overlayer after removing every other
Cl atom from the hypothetical coincidence
layer model for the Ti(100) surface.
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Figure 35.

Chlorine coverage model consistent with the
observed Auger and LEED data after annealing
the Cl covered Ti(100) surface.
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D.

Ethylene uptake on chlorine covered titanium surfaces

The experiments described in the following sections
were performed in order to study the effect of chlorine
coverage on the adsorption of ethylene.

Most of the work

was on the Ti(100) surface, with the exception of a few
experiments performed on the basal plane.

1.

Ethylene dosing of the chlorine covered basal
plane surface

The clean Ti(001) surface was dosed with 4400AC of
chlorine while maintaining the sample at a temperature of
30C.

This amount of chlorine was sufficient to produce

saturation coverage of the surface.

After taking an Auger

spectrum of the surface to confirm that a chlorine
overlayer was present, the sample, still at a temperature
of 30C, was dosed with 25 Langmuirs of ethylene.

The

Auger spectrum was again recorded and found to be
identical with that taken before dosing with ethylene.

The spectra show no increase in the C(273) Auger peak
height after ethylene dosing.

Auger spectra described above.

Figure 36 contains the
It appears that for

saturation chlorine coverage, no adsorption of ethylene
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Figure 36

Auger Spectra for the chlorine covered Ti(001)

surface before (upper spectrum) and after
dosing with 25 Langmuirs of ethylene.

The

spectrum was unchanged, indicating that no
ethylene uptake occurs on the chlorine
saturated basal plane surface.
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occurs on the basal plane.

This was also found to be the

case for the Ti(100) surface.

2.

Ethylene uptake on the Ti(100) surface for
various chlorine coverages

A series of experiments were performed on the Ti(100)

surface in which the clean sample was dosed with chlorine
and then with ethylene.

As in the case of the basal

plane, both the chlorine and the ethylene uptake were
followed using Auger spectra of the sample.

The sample,

maintained at or close to room temperature, was first
dosed with the desired amount of chlorine.

The Auger

spectrum was recorded and the sample cooled to below -82C.

Ethylene uptake was then measured by successively leaking
in small amounts of ethylene and taking the Auger spectrum
after each exposure.

This process was repeated for

different chlorine dosing levels.

Figure 37 is the

resulting family of ethylene uptake curves for various
chlorine coverages.

From the uptake data, it can be seen

that as the amount of chlorine on the surface increases,
the amount of ethylene adsorbed decreases.

Figure 38 is a

plot illustrating the almost linear relationship between
the carbon saturation level of the surface and the
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Ethylene uptake on the Ti(l00) surface when
covered with various amounts of chlorine.
Chlorine appears to block adsorption of
ethylene on the surface.
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Figure 38.

Maximum ethylene uptake vs fractional chlorine
coverage for the Ti(100) surface.
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chlorine coverage.

The graph of Figure 38 was generated

by plotting the maximum C(273) Auger peak height for each
of the curves in Figure 37 vs the fractional chlorine
coverage.

As with the basal plane surface, the Ti(100) surface
when fully covered with chlorine does not adsorb ethylene
at the dosing pressures used in these experiments (-1x10-7
torr).

The linear relationship between the maximum amount

of carbon detected at the surface and the fractional
chlorine coverage suggests that the ethylene dosed onto
the sample is adsorbed on surface domains that are devoid
of chlorine.

3.

Migration of carbon to the chlorine containing
Ti(100) surface

During the course of the experiments involving
chlorine covered surfaces it was observed that on
annealing, carbon, apparently from within the bulk of the
crystal, would tend to migrate to the surface and remain
immobilized there.

In the case of a chlorine monolayer,

the only way to remove carbon was to ion bombard the
sample, in which case both the chlorine and the carbon
were removed.

This behavior was exactly the opposite of

that for carbon on the surface of a non-chlorine

99

containing sample.

As was described earlier in the text,

annealing of the sample is one means of removing carbon
from the surface, allowing it to diffuse into the bulk of
the crystal.

Figure 39 illustrates the diffusional

behavior of carbon from the surface of the clean Ti
crystal.

The figure shows the Auger spectra of the

Ti(100) surface immediately after cleaning, after dosing
with ethylene and finally after flashing the sample to
650C.

The C(273) Auger peak, appears after ethylene

dosing and then disappears after annealing.

In the case of a Ti crystal on which a monolayer of
chlorine was deposited, the C(273) peak height grows
larger on annealing.

Figure 40 contains a series of Auger

spectra recorded on a chlorine covered Ti(100) surface.

The first spectrum was recorded immediately after dosing
the (100) surface, at a temperature of 30C, with a
saturation dose of chlorine (3000gC of Cl).
C(273) peak is visible in the spectrum.

Note that no

Next, the

chlorine covered surface was cooled below -85C and dosed
with a total of 9.5L of ethylene.

Again, since the

surface contained a monolayer of chlorine, no C(273) peak
appears in the spectrum, indicating that no ethylene
adsorption occurred.

450C and then to 650C.

The sample was then heated, first to
The Auger spectra for each of the
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Figure 39.

Auger series illustrating the diffusion of
carbon from the (100) surface of a clean or
non-chlorine containing Ti crystal.
Ti(100).

a.) Clean

b.) After dosing with ethylene.

c.) After flashing ethylene dosed sample to
650C.
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x0.1

Figure 40.

x1.0

Diffusion of carbon to a Cl covered surface.

a.) Ti(100) surface after dosing with
chlorine.

b.) After dosing the chlorine

saturated surface with ethylene.
flashing sample to 450C.
to 650C.

c.) After

d.) After flashing
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heating procedures indicate the presence of carbon at the
surface.

The source of the carbon must have been from

within the bulk of the crystal since ethylene is not
adsorbed on the chlorine saturated surface.

Also,

ethylene was not present in the vacuum chamber in
significant amounts during the annealing procedure.

Apparently the chlorine overlayer modifies the surface so
as to cause carbon, migrating from the bulk of the sample,
to be immobilized at the surface.

The effect of chlorine coverage on the immobilization
of carbon at the surface of the Ti(100) sample was
investigated further using fractional chlorine coverages.

In the following series of experiments, it was assumed
that the bulk of the crystal was acting as the source or
reservoir for carbon, which on annealing, migrated to the
chlorine covered surface.

In order to insure the presence

of a reproducible concentration of carbon within the
surface region of the sample, the clean surface was first
dosed with a saturation dose of ethylene.

The next

paragraph describes the entire procedure used in
performing these experiments.

The clean Ti(100) surface at a temperature of -100C
was exposed to a saturation dose of ethylene (10L).

The

Auger spectrum was recorded and the sample was then dosed
with a known quantity of chlorine.

The Auger spectrum was
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again recorded.

The sample temperature was then ramped at

5°C/s to a temperature of 650C and held at 650C for 5
minutes.

The Auger spectrum was recorded and the C(273)

peak height measured.

This procedure was repeated for

several different chlorine coverages.

The C(273) peak

height was then plotted vs the fractional chlorine
coverage, resulting in the graph of Figure 41.

The graph in Figure 41 represents the amount of
carbon remaining on the surface after annealing.

If

chlorine were not present, no carbon would have been
retained at the surface.

The graph of Figure 41 has the

opposite slope of that in Figure 38.

Figure 38 was the

graph of ethylene uptake vs fractional chlorine coverage.

It appears that in Figure 38, carbon on the surface
domains that are free of chlorine (ie. carbon present on
domains of bare metal surface) is being measured.

In

Figure 41, the carbon that was present on bare metal
surface domains, diffused into the bulk of the sample on
annealing.

Therefore, in Figure 41, the amount of carbon

associated with the chlorine overlayer is being measured.
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Figure 41.

C(273) Auger peak height vs fractional
chlorine coverage.

Annealing to 650C allows

carbon on surface domains that contain no
chlorine, to diffuse into the bulk of the
crystal.

Chlorine covered surface domains

retain carbon, immobilizing it at the surface.
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E.

Migration of sulfur to titanium surfaces

Sulfur has been mentioned throughout this document as
one of the principal contaminants of Ti metal.

Even when

present in low concentrations in the bulk of the crystal,
it is almost always detected on the surface of the sample.

Special efforts are necessary to remove sulfur from the
surface before attempting to use the crystal for
adsorption studies.

Methods for cleaning the crystal

surface have already been discussed under the section
entitled "Experimental Methods."

For the experiments

described in this section, rather than attempting to
deplete the crystal of sulfur, overlayers of sulfur were
produced and studied.

Due to the presence of sulfur

within the bulk of the crystal, annealing the sample at
elevated temperatures is all that is needed to induce
sulfur migration to the surface" ,44

1.

Sulfur uptake on the Ti(100) surface

Sulfur uptake of the Ti(100) surface was measured by
following the increase in the S(151) Auger peak height
while annealing the sample.

The experiment was performed

on two different occasions using different temperatures.

In both cases the total annealing time was approximately
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During the first attempt to grow a sulfur

24 hours.

overlayer, an annealing temperature of 720C was used.

For

the second attempt an annealing temperature of 590C was
The relative increase in the S(151) Auger peak

used.

height for both experiments is plotted vs annealing time
in Figure 42.

The purpose of repeating the experiment was

to follow the change in the LEED pattern with increasing
sulfur coverage.

This was not done during the 720C

annealing experiment.

In both cases, at saturation

coverage with sulfur, a 10x1 LEED pattern was observed.

Figure 43 is an Auger spectrum taken before and after
saturation coverage with sulfur was achieved.

The

spectrum of Figure 43 was recorded for the 590C annealing
experiment.

2.

LEED patterns for various sulfur coverages of the
Ti(100) surface

As described in the previous section on sulfur
overlayer growth, both the LEED pattern and the
corresponding fractional coverage with sulfur were
monitored for the annealing experiment performed at 590C.

This was accomplished by interrupting the annealing
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Figure 42.

Sulfur uptake on the Ti(100) surface at 720
and 590C.
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Figure 43.

Auger spectrum of the Ti(100) surface before
(upper spectrum) and after saturation coverage
with sulfur.
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procedure at various time intervals and cooling the sample
to below -44C.

During these interruptions, LEED photos of

the sample were taken at 2eV intervals over a beam energy
range of about 70 to 190 eV.

Diffusion of sulfur to the

surface at temperatures below about 300C is extremely
For this reason it is believed that interruptions

slow.

in the annealing procedure did not have a large effect on
the experimental results for the 590C annealing
temperature.

The annealing procedure for the uptake curve

recorded at 720C was not interrupted, even while taking
Auger spectra.

For the 590C experiment, cooling the

sample was necessary to allow the sulfur atoms to assume
an ordered arrangement at the surface while taking LEED
photos.

Both normal incidence LEED and Auger data were
collected for ten different levels of sulfur coverage of
the Ti(100) surface.

LEED photos taken at identical beam

energies but different sulfur coverages were compared with
the clean surface LEED photos.

Photographs were analyzed

by overlaying the 35mm negatives on a light box and using
a video camera to display the images on a monitor.

Table

2 lists the results for the data analyzed in this manner.

Examination of the data in Table 2 reveals that at
relatively low sulfur coverages (0.22 of saturation
coverage), the LEED pattern reverts from the clean
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LEED Patterns for S Covered Ti(1 00) Surface
Fractional Sulfur

Observed LEED

Coverage

Pattern

0.00

1x1

0.22

3x3

0.36

34
34
34

Comments
Clean LEED Pattern

Poorly defined

0.44
0.50

3x3 pattern
Well defined pattern
Well defined pattern
Sharp LEED pattern

Sharpest 34 pattern
0.55

34

was observed at this
coverage
LEED pattern

0.66

34

beginning to show
streaking in kx
direction
LEED pattern

0.77

?x3

streaked in kx
direction
LEED Pattern heavily

0.85

?x3

streaked in kx

direction
LEED pattern

streaked along kx
1.00

10x1

direction; spots

along the ky
direction disappear

Table 2.

LEED pattern observations at various levels of
sulfur coverage on the Ti(100) surface.
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surface lx1 pattern to a 3x3 pattern.

The LEED spots of

this 3x3 pattern, become more sharply resolved, as the
sulfur coverage increases to about 0.55 of saturation
coverage.

Then at 2/3 coverage, streaking of the pattern

is observed along the kx direction.

Streaking along the

kx direction continues to increase with further S coverage
until saturation is reached.

Once saturation coverage is

obtained, the multiple spots observed along the ky

direction disappear and the pattern reverts to a 10x1
pattern.

Figures 44 and 45 are diagrams illustrating the

3x3 and 10x1 LEED patterns respectively.

It should be noted that saturation coverage and
monolayer coverage are not necessarily the same.

Fractional coverage, corresponds to the fraction of
saturation coverage as determined from Auger uptake data.

It is obtained by dividing the adsorbate Auger peak height
at some particular coverage level, by the maximum Auger
signal obtained for that particular adsorbate.

Monolayer

coverage occurs when the number of overlayer atoms is
equal to the number of atoms in the unit mesh of the clean
surface.

In order to know the true coverage in terms of

fractions of a monolayer, it is necessary to correlate the
overlayer coverage, as deduced from the LEED pattern, with
the experimentally obtained Auger coverage data.
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Figure 44.

Diagram of the 3x3 LEED pattern observed for
low and moderate sulfur coverage on the
Ti(100) surface.
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Figure 45.

Diagram of the 10x1 LEED pattern observed at
saturation coverage with sulfur on the Ti(100)
surface.
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The simplest model to account for the initial
formation of the 3x3 LEED pattern described above is one
in which the sulfur overlayer coverage is also 3x3.

This

means that S atoms are placed on the Ti(100) surface at
regular intervals along both the x and y directions of the
surface.

The spacing between the overlayer atoms along

the x direction is 3 times that of the substrate unit mesh
Similarly, along the y

vector or 3 x 2.95A = 8.85A.

direction, the spacing between S atoms is 3 x 4.683A =
14.05A.

Figure 46 is a diagram of the Ti(100) surface

depicting 3x3 sulfur coverage.

The overlayer unit mesh,

also illustrated in Figure 46, contains one S atom and
nine Ti atoms, resulting in a sulfur coverage of 1/9 or
0.11 monolayers of sulfur.

No LEED data was collected for

sulfur coverages corresponding to 1/9 of a monolayer.

There is therefore no way of telling whether a 3x3 LEED
pattern was observed at this low coverage.

The diagram of

Figure 46 will be used in the discussion to follow to
explain the development of the 3x3 LEED pattern.

The Ti(100) surface has a rectangular symmetry with
what might be described as troughs running parallel to the
x direction of the surface unit mesh vector.

Although the

LEED pattern does not tell us the bonding sites of the
adsorbate atoms, the trough-like (100) surface can be
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Figure 46.

Diagram illustrating a 3x3 sulfur overlayer on
the Ti(100) surface.

This would correspond to

1/9 of a monolayer of S.
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expected to exert an influence on the bonding of
adsorbates.

It is likely that adsorbates occupy some

preferred position relative to the troughs.

In the

surface diagrams used in this section, S atoms are
pictured as occupying positions within the troughs, as
illustrated in Figure 46.

This placement of S atoms is

only for convenience in drawing structures that illustrate
the surface symmetry of the overlayers and is not meant to
imply that the bonding sites have been definitively
determined.

The first 3x3 LEED pattern that was observed is
described in Table 2.

The fractional S coverage of the

surface was 0.22 and the resulting LEED pattern was poorly
resolved.

The surface structure of the S overlayer for

the blurred or poorly resolved LEED patterns, can
tentatively be attributed to the random filling of the
overlayer unit mesh, pictured in Figure 46, with
additional S atoms.

Figures 47 and 48 contain diagrams in

which S atoms have been added to the troughs of the
overlayer unit mesh to produce coverages of 0.22 and 0.33
monolayers respectively.

As can be seen from these

figures, there are a number of ways in which the

additional S atoms can be arranged within the troughs
inside the rectangular unit mesh.

LEED observations of

117

SULFUR ON Ti(100) SURFACE

O

- Lower layer of atoms
- Top layer of atoms

0 - Sulfur overlayer atoms

Figure 47.

Ti(100) surface with 2/9 or 0.222 monolayers
of S.

The S atom entirely within the unit

mesh rectangle could occupy any position
above an unshaded or lower layer substrate
atom, as long as it remains within the
rectangle.
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Figure 48.

Ti(100) surface with 3/9 or 0.333 monolayers
of S.

As in Figure 47, the S atoms within the

rectangle, could have been shown to occupy
alternate sites within the rectangle.
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surfaces with S coverages similar to those described in
Figures 47 and 48 would be likely to reveal blurred 3x3
patterns.

The poorly resolved LEED patterns reported in

Table 2 for sulfur coverages of greater than 0.11
monolayers to approximately 0.33 monolayers are consistent
with overlayer unit mesh structures similar to those of
Figures 47 and 48.

Continuing with Table 2, it was found that as the S
coverage increased, the resolution of the 3x3 pattern
improved.

Sharp 3x3 LEED patterns were first obtained at
The improved

fractional S coverages of 0.50 and 0.55.

resolution of the LEED pattern should correlate with an
increase in the surface order of the overlayer sulfur
atoms.

Adding an additional S atom to the unit mesh of

the Figure 48 diagram results in a surface coverage of 4/9
or 0.44 monolayers of sulfur.

In this case however,

adding the additional atom, necessitates a closer spacing
between S atoms in one of the troughs.

This results in a

substantial increase in surface order at 4/9 monolayer
coverage.

Figure 49 is a diagram of the Ti(100) surface

with 4/9 or 0.44 monolayers of S coverage.

Looking at

that figure, the additional S atom was added to every
third row.

Trying to arrange the more densely packed rows

differently, either destroys the order in the y surface
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Figure 49.

Ti(100) surface covered with 4/9 or 0.444
monolayers of S.
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direction or alters the coverage.

The 3x3 LEED pattern,

at 4/9 of a monolayer coverage, should therefore be more
sharply resolved than coverages between 2/9 and 3/9 of a
monolayer.

Based on the above, the sharply resolved LEED

patterns reported in Table 2 can tentatively be correlated
with sulfur coverages of greater than 4/9 of a monolayer.

Adding still more S atoms to the unit mesh results in
5/9 and 6/9 monolayers.

These coverage levels are

depicted in Figures 50 and 51 respectively.

Coverage at

5/9 of a monolayer of S should produce a sharp LEED
pattern, similar to that for 4/9 coverage.

At 6/9 or 0.66

monolayers of S, the LEED pattern should change to a 3x1
pattern.
observed.

Experimentally, a 3x1 pattern was never
Instead, as the S coverage continued to

increase, the LEED pattern became increasingly streaked
along the kx direction until at saturation coverage a 10x1
pattern was observed.

The clue to understanding what is occurring for S
coverages of the order of 6/9 of a monolayer and greater,

lies in the manner in which additional S atoms are packed
on the surface.

Above 6/9 of a monolayer, the S atoms can

no longer be arranged in rows along the x direction of the
crystal, without touching one another.

Examining the case

where S atoms are packed into all of the rows so that they
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Figure 50.

Ti(100) surface covered with 5/9 or 0.555
monolayers of S.
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Figure 51.

Ti(100) surface covered with 6/9 or 0.666
monolayers of S.
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are spaced at their van der Waal's or ionic diameter, the
surface structure depicted in

Figure 52 is obtained.

The

S coverage for the Figure 52 diagram is 0.80 monolayers.

The LEED pattern for this surface would be a 10x1 pattern
since a coincidence lattice is produced along the x
direction of the surface.

Eight S atom diameters of

3.68A39 cover the same distance along the x direction of

the crystal as 10 Ti atom diameters of 2.95A.

Since the

10x1 LEED pattern was observed only at saturation coverage
it can be concluded that saturation coverage corresponds
to 0.8 monolayers of S on the surface.

Having this

information, the fractional coverages for all of the LEED
patterns discussed up to this point can be correlated with
the actual monolayer coverage.

Table 3 is a remake of

Table 2, with an added column correlating fractional and
true monolayer coverage.

Examining Table 3, it can be seen that the LEED
pattern begins to show signs of streaking along the kx
direction at about 0.53 monolayers of sulfur.

Streaking

along the kx direction is probably an indication that the
coincidence lattice is beginning to form.

If the sulfur

atoms migrated to the surface and occupied positions in a
regular fashion as depicted in Figures 45 through 50,

streaking would not occur until more than 0.66 monolayers
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SULFUR ON Ti(100) SURFACE

0

- Lower layer of atoms
- Top layer of atoms

0
Figure 52.

- Sulfur overlayer atoms

Diagram of the Ti(100) surface depicting 0.8

monolayers of sulfur coverage resulting in the
formation of a coincidence lattice along the x
direction of the surface.
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LEED Patterns for S Covered
Sulfur Coverage
Fractional
Monolayer

Observed LEED

0.00

0.22

0.18

3x3

0.36

0.29

3x3

0.44

0.35

3x3

0.50

0.40

3x3

0.44

Comments

Pattern

0.00

0.55

Ti(100) Surface

1x1

Clean LEED Pattern

Poorly defined

3x3 pagem

34

Well defined pattern
Well defined pattern
Sharp LEED pattern

Sharpest 34 pattern
was observed at this
coverage
LEED pattern

0.66

0.53

34

beginning to show
streaking in kx

direction
0.77

0.62

LEED pattern
?x3

streaked in kx

direction
0.85

0.68

LEED Pattern heavily
?x3

streaked in kx

direction
LEED pattern
1.00

0.80

10x1

streaked along kx
direction; spots
along the ky
direction disappear

Table 3.

Table correlating LEED pattern
observations with
both true monolayer
coverage and fractional
sulfur coverage.
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were present.

Above 0.66 monolayers, S atoms begin to

pack at their van der Waals diameter of 3.68A (see Figure
51).

Apparently some of the S atoms are beginning to pack

at their van der Waals diameter before the critical
coverage of 0.66 monolayers.

pattern is never observed.

This explains why a 3x1
The regular array of S atoms

depicted for 0.66 monolayers in Figure 51 never forms.
Instead some of the rows along the x direction of the
surface are already completely occupied, having S atoms
close packed at the van der Waals diameter.

The fact that

streaking of the LEED pattern along the kx direction is
first observed at a coverage of 0.53 monolayers of S, also

supports the contention that a coincidence lattice is
beginning to form before the critical surface
concentration of 0.66 monolayers is reached.

The streaked

?x3 LEED pattern is indicative of a transition stage in
the development of the complete coincidence lattice.

In summary, the development of a full coincidence
lattice parallel to the x direction of the surface unit
mesh vector, appears to occur in stages.

By observing the

LEED pattern as the amount of S on the surface increases,
three distinct changes are observed.

First, the LEED

pattern goes from the clean surface lxi pattern to a 3x3
pattern.

The 3x3 pattern was observed for coverages of

between 0.18 and 0.53 monolayers of sulfur.

Second, the
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LEED pattern begins to show streaking along the kx
direction making it impossible to discern the multiplicity
of spots.

Streaking of the pattern begins at about 0.53

monolayers of sulfur and was observed for coverages up to
0.68 monolayers.

Third, the LEED pattern reverts to a

10x1 pattern at 0.8 monolayers of sulfur coverage.

At

this stage, saturation coverage is attained and the
coincidence pattern is fully developed.

Between these

stages in the development of the coincidence lattice, the

resolution of the LEED pattern is observed to increase or
decrease depending on how the surface unit mesh is filling
when sulfur atoms are added to the surface.

3.

Chlorine uptake on the sulfur covered Ti(100)
surface

After producing the coincidence sulfur lattice
described in the previous section, the sulfur covered
surface was dosed with successive 100AC amounts of
chlorine at a sample temperature of between 30 and 34C.

The uptake was followed by simultaneously monitoring the
C1(183) and the S(151) Auger peak heights vs microcoulombs
of chlorine.

Figure 53 contains the resulting uptake
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Figure 53.

Uptake curve for chlorine on the sulfur
covered Ti(100) surface.
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curve.

Examination of Figure 53 reveals that the S(151)

Auger peak height decreases with increasing chlorine
coverage.

Observation of the LEED pattern after dosing,

reveals a uniformly illuminated LEED screen, indicating
that the chlorine is not ordered relative to the substrate
unit mesh.

It appears that chlorine is however, adsorbed

on top of the sulfur, since the Cl(183) Auger signal
increases as the S(151) signal decreases.

The decrease in the S(151) peak observed in Figure 53
is not caused by the desorption of sulfur.

The sulfur is

still present on the surface at this temperature (30 to
34C) but is shielded from the electron beam by the
chlorine.

This is confirmed by thermal desorption of the

chlorine overlayer.

After annealing the sample for 5

minutes at 720C, most of the chlorine is desorbed and most
of the sulfur is retained at the surface.

The S(151) peak

height after annealing is almost as large as it was before
chlorine dosing, the decrease amounting to about 16%.

If

the cycle of chlorine dosing followed by annealing is
repeated several times, the amount of chlorine retained at
the surface increases and the amount of sulfur decreases.
The Auger series of Figure 54 illustrates the chlorine
dosing - annealing behavior described above.

The first

spectrum of the series in Figure 54 establishes the S(151)
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Figure 54.

Auger spectra of the Ti(100) surface.
a.) After saturation coverage with sulfur.
b.) After dosing with 4400AC of chlorine.
c.) After annealing the S /Cl covered surface.

d.) After several Cl dosing-annealing cycles.
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Auger peak height of the sulfur covered (100) surface
before dosing with chlorine.

In the next spectrum of the

series, after dosing the surface with chlorine, the
Cl(183) peak is observed to be larger than the S(151)
peak.

Then, after annealing, the S(151) peak is again the

dominant peak in the spectrum.

Finally, in the last

spectrum of the series, the S(151) and the C1(183) peak
heights are almost equal after several chlorine dosing
annealing cycles.

From the behavior described in the previous paragraph
it appears that chlorine can replace sulfur atoms on the
surface.

After the first dosing of the sulfur saturated

surface with chlorine, annealing the sample allows
chlorine and some sulfur to desorb.

In the desorption

process, vacancies are created at sites previously
occupied by sulfur.

Subsequent dosing with chlorine

covers these vacant sites with chlorine but also permits
additional sulfur atoms to be removed when the surface is
annealed once again.

Examination of the LEED pattern

after annealing the chlorine dosed sulfur covered surface
reveals a ?xl pattern, heavily streaked along the kx
direction.

This streaked ?xl pattern is consistent with

the substitution of chlorine atoms for sulfur atoms into
the coincidence lattice.

The ionic radii of S2- and C11-

are respectively 1.84 and 1.81A39.

Although the radii are
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similar in magnitude, substitution of chlorine for sulfur
would disrupt the initial sulfur coincidence lattice and
cause streaking of the pattern.

Repetitions of the chlorine dosing - annealing cycle
lead to a situation in which after the final anneal, the

amount of chlorine and sulfur detected at the surface
remains relatively unchanged.

Table 4 is a listing of the

S(151) and the C1(183) Auger peak heights vs the number of
chlorine dosing - annealing cycles.

The Auger spectra

used to generate Table 4 were recorded after the annealing
part of the cycle.

Also, some of the points used in Table

4 were generated by dosing the sample with chlorine while
annealing at 720C.

Dosing the sample with chlorine while

annealing was counted as one dosing - annealing cycle.
The simultaneous presence of both sulfur and chlorine
on the surface appears to facilitate the thermal
desorption of both materials.

Sulfur induced chlorine

desorption was discussed previously in the text in
connection with overlayers of chlorine on clean Ti
surfaces.

The situation described above, where chlorine

is deposited on top of a sulfur coincidence lattice, is
substantially different.

It is likely that chlorine

deposited on top of the sulfur is not disassociated, since
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Number of Chlorine
Dosing - Annealing Cycles

Table 4.

S(151) Auger Peak Height CI(183) Auger Peak Height

0

26.7

0.00

1

22.5

6.40

2

20.1

7.80

3

19.0

8.90

4

12.2

14.50

5

12.3

13.55

6

12.2

12.40

Listing of the S(151) and C1(183) Auger peak

heights vs the number of times the sulfur
covered sample was dosed with chlorine and
then annealed at 720C.

The Auger spectra used

to generate these plots were recorded after
the 720C anneal.
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any charge transfer between the metal surface and the
chlorine molecule is blocked by the intervening sulfur
layer.

The adsorbed chlorine probably blankets the sulfur

covered surface in a molecularly adsorbed fashion.
loss of most of the chlorine (about 80%)

The

on annealing a

chlorine covered sulfur coincidence layer, supports this
contention.

The fraction of chlorine that remains on the

surface after annealing is probably in the form of the
Cl 1-

ion35.

The mechanism for chlorine displacement of

sulfur would be that on heating, thermal motion of the
surface atoms allow for the penetration of a chlorine
molecule to the Ti metal surface where charge transfer to
the chlorine may occur.

Figure 55 is a diagram

summarizing the process in which chlorine is substituted
into the sulfur coincidence lattice on the Ti(100)
surface.

The process begins with the dosing of the S

coincidence lattice with chlorine.

This is illustrated in

the diagram of Figure 55b, depicting molecular chlorine
randomly adsorbed on top of the sulfur layer.

Figure 55c

shows the surface after thermal desorption of most of the
chlorine and some of the sulfur.

At this point the small

amount of chlorine that remains on the surface is likely
to have a charge of -1.

Finally, in Figure 55d, after

many chlorine dosing-annealing cycles, the surface
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contains both large amounts of S and Cl.

The coincidence

layer has been disrupted, and the LEED pattern for the
surface will have a streaked appearance.
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V.

DISCUSSION

The overall objective of this study has been to model
the surfaces on which Ziegler-Natta type active sites
catalyze polymerization reactions.

In attempting to find

suitable surfaces for this purpose, the work has
progressed through a series of stages.

The first stage

involved the behavior of clean titanium surfaces toward
ethylene adsorption.

The clean Ti(001) and Ti(100)

surfaces were dosed with ethylene and found to behave in a
manner similar to that reported for hydrocarbon dosing of
nickel and tungsten46,47,48'49.

The Ni(100) and (110) faces

when dosed with methane, produced carbidic layers on the
surface of the sample46'47.

Similarly, on the W(100) and

(110) surfaces both K.J. Rawlings et a148, and D.F. 011is

et al49, report the decomposition of hydrocarbon materials

and the subsequent formation of carbided surfaces.

The

Pt(111)" and Ir(111)51 surfaces, on the other hand, were

found to decompose ethylene and other hydrocarbons but
resulting in the deposition of graphitic rather than
carbidic overlayers.

It was hoped that the tendency of clean titanium
surfaces to decompose ethylene could be moderated by the
application of fractional doses of chlorine.

The second

stage of the project therefore involved the growth and
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characterization of chlorine overlayers on the Ti(001) and
(100) surfaces.

Also since the actual catalytic material

used in Ziegler-Natta polymerizations is typically
c<-TiC1352, it was expected that the active sites would

occur within a chloride environment.

It was thought that

dosing partially chlorine covered Ti surfaces with
ethylene would allow the ethylene molecule to pi-bond to
Ti while surrounded by a sufficient number of chlorine
atoms to simulate an active binding site for the
polymerization reaction.

The results of ethylene dosing of fractionally
covered Ti surfaces were discussed in section IVD of the
text.

It was reported there that the ethylene molecule

did not adsorb on surfaces saturated with chlorine and
that on partially chlorine covered surfaces, ethylene
adsorbed only on bare metal domains.

On these bare metal

domains the ethylene molecule continued to crack, as is
does on the clean metal surface.

In the experiments of

section IVD however, the chlorine covered Ti(100) surface
was not annealed prior to ethylene exposure.

Annealing of

a Cl saturated Ti(100) surface produced the ordered 4x6
LEED pattern reported in section IVC.

During the

production of the 4x6 LEED pattern, 34 to 38% of the
chlorine was lost, presumably to sulfur induced thermal
desorption.

Dosing this Cl containing 4x6 surface with
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ethylene appeared to produce a small increase in the
C(273) Auger peak.

This surface carbon may have diffused

from the bulk to the chlorine covered surface during the
annealing procedure, a phenomenon also reported on earlier
in the text, but it is more likely that it was due to the
ethylene dosing.

At any rate the point is moot, since

immediately after recording the Auger spectrum of the
ethylene dosed surface, the sample was dislodged from its
mounting and fell into the vacuum chamber.

This is

unfortunate since the 4x6 LEED pattern is an indication
that large bare metal domains, on which ethylene is likely
to crack, were probably not present.

Ethylene adsorption

on the 4x6 chlorine covered Ti(100) surface may occur due
to pi-bonding of ethylene to the Ti d orbitals, a

mechanism that is widely accepted as the transition state
leading to insertion of -CH2CH2- into a growing polymer
chain during a Ziegler-Natta synthesis53,54,55

(see Appendix

2)

Although speculative, the above mentioned adsorption
of ethylene is one means by which it may be possible to
study the initial phases of the Ziegler-Natta reaction.
Other ordered chlorine covered Ti surfaces may also be

synthesized by taking advantage of S induced desorption of
chlorine from heavily chlorinated surfaces.

Using Ti

single crystals containing minimum amounts of sulfur it
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may be feasible, as was suggested earlier in the text, to
produce a chlorine coincidence layer on the Ti(100)
surface.

Since some sulfur is always present in the bulk

of the crystal, extensive annealing of the sample could
then be used to desorb controlled amounts of chlorine from
the coincidence lattice and in the process create
vacancies in the chlorine surface environment.

Vacancies

thus created by sulfur induced thermal desorption, may

have a different symmetry from those produced by simple
rearrangement of chlorine on a Cl dosed Ti surface.

Simple rearrangement of Cl atoms on annealing may
produce surfaces with chlorine vacancies directly, without
the use of sulfur assisted thermal desorption.

This would

require short annealing cycles of Ti crystals that are
fractionally dosed with chlorine and that also contain
very small amounts of bulk sulfur.

It was reported

earlier in the text that annealing Cl covered crystals
containing small enough concentrations of bulk sulfur,
does not lead to any chlorine loss from the surface.

This

is provided that the annealing time is kept relatively
short.

For such cases the annealing process allows the Cl

atoms to simply rearrange themselves on the surface
without the use of sulfur assisted desorption to create
the vacancy.

Any chlorine vacancies present on the

surface would be due to the fractional nature of the
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coverage and the rearrangement of Cl atoms.

Ziegler-Natta catalysts are typically activated by
the use of a metal alkyl such as triethylaluminum
(A1Et3)57.

It is believed that the A1Et3 creates chlorine

vacancies on the active surface of the catalyst and causes
the bonding of alkyl groups to incompletely coordinated Ti
atoms58.

The interaction of AlEt3 with various crystal

faces of oc-TiC13 have been studied by Gray59 and Van Looy
et a160.

Gray concluded that the active polymerization

sites contain a Ti-C bond.

Van Looy found that the basal

plane of oc-TiC13 when exposed to trimethylaluminum (A1Me3)

formed a complex with the A1Me3 with no direct Ti-C bonds
(see Figure 56).

The basal face of 4x-TiC13 appears to be

catalytically inactive leading to the conclusion that
the lateral faces of the oc-TiC1 3 crystal are the faces on

which the active Ti-C bonds are formed.

Also supporting

this conclusion is the increase in catalytic activity
achieved by ball milling of the catalyst62.

Wilchinsky et

al62 found, by x-ray diffraction studies of the ball

milled catalyst, that catalytic activity increased as the
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CH3

Surface structure formed on the basal plane of
cc-TiC13 during the reaction with
trimethylaluminum6°.
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ratio of lateral faces to basal plane faces of cc-TiC13

crystallites increased.

The dosing of any of the chlorine covered Ti surfaces
reported on in this text with AlEt3 may help to decipher
the manner in which active sites are created.

The

symmetric nature of the chlorine layersproduced on the
Ti(001) and Ti(100) surfaces should be useful in
Changes

determining how AlEt3 reacts with the catalyst.

in the LEED patterns of these surfaces after dosing with
AlEt3 could help to uncover additional information about
the symmetry and spacing of the active sites.

Rodriguez

et a161, concluded that there is probably more than one

type of polymerization site active in the Ziegler-Natta
process.

This is supported by the fact that different

catalyst preparations can lead to different types of
stereoregular polymers63.

Model surfaces, such as those

produced in this study, have the potential to provide the
means by which active sites of a single type can be
isolated and studied.

The final stage of this project was the production of
ordered sulfur overlayers on the Ti(100) surface.
was discussed in section IVE of the text.

This

Sulfur is one

of a number of poisons for the Ziegler-Natta reaction,
particularly in the form of CS264. Catalytic poisons can be

used in the study of reactions to modify the activity of
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the catalyst and influence the type of product obtained
during the course of the reaction65,66.

The use of model

surfaces in which sulfur is subsituted for chlorine could
be a model for a poisoned catalyst site.

Various valencies have been ascribed to the active
sites of Ziegler-Natta catalysts67, 68,69,70.

In terms of

model surfaces, ordered overlayers containing both sulfur
and chlorine, as were created by repeated chlorine dosingannealing cycles, could possibly be used to selectively
study surface sites of a particular valency.

In such

cases sulfur might be used to block or create sites of a
particular valency.

Since sulfur is likely to be adsorbed

in the -2 state while chlorine is adsorbed in the -1 state
the environment of the simulated active sites in the
regions of sulfur adsorption are likely to have different
valencies from those with just a chlorine environment.

The usefulness of such an approach has been mentioned
before, namely to isolate the reacting species in a
regularly occurring site of specific symmetry on the
surface.

Since the amount of sulfur and chlorine can be

regulated by the number of Cl dosing-annealing cycles the
valency of the active sites may possibly be adjusted as
needed for a particular experiment.
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VI. CONCLUSIONS

The ordered overlayer surfaces created during the
course of this study should prove useful in the study of
Ziegler-Natta type reactions.

In addition, a significant

amount of new information about the behavior of titanium
surfaces has been reported.

This includes the formation

of chlorine and sulfur coincidence lattices on the Ti(001)

and (100) surfaces respectively, the formation of an
epitaxially grown TiC(111) layer on the Ti(001) surface,

an ordered Cl overlayer on the Ti(100) surface producing a
4x6 LEED pattern, and studies regarding the adsorption of
chlorine on sulfur covered Ti(100) surfaces.

The most promising surface on which to investigate
Ziegler-Natta type reactions is probably the chlorine
covered Ti(100) surface.

This is the surface on which the

4x6 LEED pattern was produced after annealing the chlorine
dosed sample.

Adsorption of ethylene and other

hydrocarbon monomers is more likely to occur on this
surface without subsequent cracking of the molecule.

If

the adsorbed monomer does not crack on the surface its
bonding characteristics can then be studied using methods
such as Thermal Desorption Mass Spectroscopy (TDS), LEED,
and High Resolution Electron Energy Loss Spectroscopy
(HREELS).
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Another candidate for studying Ziegler-Natta
processes is the chlorine coincidence lattice produced on
the Ti(001) surface.

This surface simulates the

hexagonally close packed chlorine layer of the basal plane
of ec-TiC13.

Dosing this surface with AlEt3 may help in

the understanding of how active sites are created on
Ziegler-Natta catalysts.

Even though the basal plane of

oc-TiC13 appears to be inactive in the polymerization

reaction and an inactive aluminum alkyl complex is formed
on the basal plan surface60, dosing the coincidence layer

with A1Et3 could shed some light on the geometry of active
sites.

The symmetry of AlEt3 adsorption along with the

surface density and geometric environment of adsorbed
AlEt3, could possibly be applied to understanding how this

activator attacks and binds to the active lateral faces of
the oc-TiC1 3 crystallite.

The amount and type of metal alkyl used during the
preparation of the catalyst influences the stereochemistry
of the polymer produced63.

This implies that the active

site structure is also controlled by the manner in which
the activator reacts with the catalyst.

Aluminum alklys

have a strong tendency to associate into dimers, trimers
and higher aggregatesn.

The adsorption of A1Et3

aggregates onto the Cl coincidence lattice may help

unravel the geometric interactions of the activator and
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the catalyst.

The sharp coincidence lattice LEED patterns

observed when the chlorine covered, sulfur free Ti(001)

was annealed, make this surface a good candidate for the
type of study described above.
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APPENDIX 1.

Etching Solutions for Polishing Ti Crystals

The etching solutions described below were prepared
and used in the polishing of Ti single crystal samples.

The purpose for using an etching solution during or after
the polishing operation is to remove surface damage from
the crystal and to speed up the removal of fresh surface
from the face of the crystal.

Surface damage may take the

form of a disordered upper layer of metal that flowed out
during the polishing operation.

Failure to remove this

material may result in poorly resolved LEED patterns.

Rough Polishing Solution
250 ml. H2O

22 ml. 70

HNO 3

3 ml. 48% HF

Fine Polishing Solution
200 ml. H2O

30 ml. 70% HNO3
3 ml. 38% HF
20 ml. 20% 11202
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Cossee Arlman Mechanism for Ziegler-Natta

APPENDIX 2.

Catalysis

Figure 57 describes the mechanism proposed by Cossee
and Arlman for the Ziegler-Natta synthesis of
stereoregular polymers.

This is presently the most widely

accepted mechanism, although other mechanisms and
modifications to the Cossee Arlman mechanism have been
proposed.

The first step involves the reaction of the

c-TiC13 catalyst with an activator.
activator is AlEt3.

In Figure 57 the

This is thought to produce chlorine

vacancies and an Ti-C attachment of the ethyl group to the
surface54,55,56.

The Ti-C attachment is designated in Figure

57 as -R, where R can refer to the ethyl group or the
growing polymer chain.

The small squares in the diagram

of Figure 57 represent vacancies.

The next step after

activation involves the reaction with ethylene at a
surface vacancy.

A pi bond between the d orbitals of Ti

and the pi orbitals of ethylene is formed.

This leads to

a transition state and ultimately to the insertion of a
-CH2 CH 2 - group into the growing polymer chain.

The final

step is the rearrangement of the complex where the
original geometry of active site is restored to the active
site.
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APPENDIX 3.

LEED Patterns Produced on the S Covered
TI(001) Surface

A small amount of work was performed on a Ti(001)

surface in which the sample was annealed at a temperature
of 620C while following the S uptake with time.

As in the

case of work performed on the (100) surface, the S uptake
was measured by monitoring the S(151) Auger peak height.
Figure 58 is a graph of the uptake of S on the basal plane
of a Ti single crystal.

An ordered LEED pattern was

observed on cooling the sample to -116C.

Figure 59 is a

diagram illustrating the clean Ti(001) LEED pattern as
compared to the S covered Ti(001) surface LEED pattern.

It is thought that the LEED pattern produced on the
S covered Ti(001) may be the result of multiple
diffraction from different domains of hexagonally packed
sulfur overlayers.

Another possibility is the production

of TiS domains on the surface.

TiS crystallizes in the

hexagonal-rhombahedral form with lattice constants of
ah=3.41, ch=26.412.

The TiS crystal consists of

hexagonally close packed layers of S atoms with Ti atoms
occupying octahedral holes.

It is easy to envision the

formation of a TiS layer or TiS domains on the Ti(001)

surface in which the TiS basal plane is orientated
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Figure 58.

Sulfur uptake on the Ti(001) surface.
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Figure 59.

LEED pattern observed for the S covered
Ti(001) surface.
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parallel to the Ti substrate.

If the TiS domains were

slightly rotated relative to one another or relative to
the unit mesh vectors of the Ti(001) substrate, the LEED
spots may appear as in the diagram.

This however is

speculation and the subject for further investigation.

