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Abstract:
For many years the study of the modification of surface structure has been an amazing topic that
interests surface scientists. In order to extend the understanding of modified metallic surfaces in the
field of electronic and atomic structure of adsorbate covered surfaces, two bimetallic systems (Pd on
Al(110) and Ni on W(110)) and the hydrogen interaction with two clean metal surfaces (Nb(110) and
W(110)) have been studied using various surface analytical techniques. The results for the Pd/Al
system show that the Pd film grows on Al(110) in a layer-by-layer mode. The binding energies of the
Pd 4d electrons for a very thin Pd film are very similar to that for an atomic-like state. The film
behaves as a free and unsupported overlayer. The Pd 4d states begin to evolve into a bulk-like
electronic structure at a coverage of 2.5 ML. No evidence of CO chemisorption on the Pd films of less
than 2.5 ML coverage is observed, while thicker film readily chemisorb CO. In the study of Ni on
W(110), it is observed that the initial growth of Ni occurs in a double-layer mode, which is very
different from results reported by others. The Ni film grows in a coincidence structure with the W(110)
substrate. It turns into the structure of bulk Ni at a coverage of 7.7 ML. No noticeable modification of
W(110) substrate structure is observed.

Hydrogen adsorption on both Nb(110) and W(110) surfaces results in structural changes on both
surfaces. For the Nb(110) surface, exposure to hydrogen induces two stages of change, an initial abrupt
change due to chemisorption at the surface, and then a gradual change due to the absorption of
hydrogen into the bulk. A structural model which explains these changes is consistent with the
proposed surface-hydride formation model. For the W(110) surface, the structural change ends at a H2
exposure of 400 L. The change can be attributed to either enhancement of the vibration amplitude of W
surface atoms or a lateral shift of W surface atoms parallel to the surface with equal domains of W
atoms shifted to the left and to the right. Prior to the studies of hydrogen interaction with these two
surfaces, studies of the clean surfaces were carried out. The results are also reported in this thesis. 
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ABSTRACT

For many years the study of the modification of surface structure has been 
an amazing topic that interests surface scientists. In order to extend the 
understanding of modified metallic surfaces in the field of electronic and atomic 
structure of adsorbate covered surfaces, two bimetallic systems (Pd on Al(IlO) and 
Ni on W(IlO)) and the hydrogen interaction with two clean metal surfaces (Nb(IlO) 
and W(IlO)) have been studied using various surface analytical techniques. The 
results for the Pd/Al system show that the Pd film grows on Al(IlO) in a layer-by- 
layer mode. The binding energies of the Pd 4d electrons for a very thin Pd film are 
very similar to that for an atomic-like state. The film behaves as a free and 
unsupported overlayer. The Pd 4d states begin to evolve into a bulk-like electronic 
structure at a coverage of 2.5 ML. No evidence of CO chemisorption on the Pd 
films of less than 2.5 ML coverage is observed, while thicker film readily 
chemisorb CO. In the study of Ni on W(IlO), it is observed that the initial growth of 
Ni occurs in a double-layer mode, which is very different from results reported by 
others. The Ni film grows in a coincidence structure with the W(IlO) substrate. It 
turns into the structure of bulk Ni at a coverage of 7.7 ML. No noticeable 
modification of W(IlO) substrate structure is observed.

Hydrogen adsorption on both Nb(IlO) and W(IlO) surfaces results in 
structural changes on both surfaces. For the Nb(IlO) surface, exposure to 
hydrogen induces two stages of change, an in itial abrupt change due to 
chemisorption at the surface, and then a gradual change due to the absorption of 
hydrogen into the bulk. A structural model which explains these changes is 
consistent with the proposed surface-hydride formation model. For the W(IlO) 
surface, the structural change ends at a H2 exposure of 400 L. The change can be 
attributed to either enhancement of the vibration amplitude of W surface atoms or 
a lateral shift of W surface atoms parallel to the surface with equal domains of W 
atoms shifted to the left and to the right. Prior to the studies of hydrogen 
interaction with these two surfaces, studies of the clean surfaces were carried out. 
The results are also reported in this thesis.
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CHAPTER I 

INTRODUCTION

What is the structure, of metal surfaces? What is the new structure after 

some modifications on the surfaces? For the past decade studies of the 

modification and chemical properties of metallic surfaces have gained increasing 

interest for surface scientists. I t is well known that the physical and chemical 

properties of metallic thin films differ considerably from those of the bulk material 

itself 1-3. For example, the uptake rate of hydrogen on Nb and Ta surfaces can be 

significantly enhanced by the deposition of a thin Pd film on the surfaces^-S. A 

monolayer thick Pd film on Au-*-, Ta^ or Nb* does not chemisorb CO while thicker 

Pd films do. A film of fee iron grown on copper surfaces may be either 

ferromagnetic or antiferromagnetic depending on the crystallographic surface on 

which the growth occurs.3-8

The studies of bimetallic systems include the study of metallic film epitaxy, 

the morphology of the overlayer, the adsorption site, the electronic properties and 

the chemical properties of the system and the diffusion behavior of the films. Over 

the course of the past two decades, studies of hundreds of bimetallic systems have 

been made. A partial list of the systems studied can be found in  the review article 

by Argile and Rhead.9 In these studies various routinely used surface analytical 

techniques have been extensively applied, such as Auger electron spectroscopy
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(AES), Low energy electron diffraction (LEED) and Reflected high energy electron 

diffraction (RHEED), Transmitted electron microscopy (TEM), Secondary electron 

microscopy (SEM), X-ray photoemission spectroscopy (XPS), Ultra-violet 

photoemission spectroscopy (UPS), Electron energy loss (ELS), Thermal desorption 

spectroscopy (TDS), work function change (A<j>), Ion scattering spectroscopy (ISS) 

and others.

The morphological properties of film growth are mostly studied using 

Auger electron spectroscopy and X-ray photoemission spectroscopy. In the case of 

vapor-deposited thin films a classification of three basic growth modes has been 

proposed by Bauer.10*11 They are named after their original investigators: Frank 

and van der Merwe12 (FM mode, layer-by-layer growth), Stranski and Krastanov13 

(SK mode, layer growth up to one or a few monolayers followed by island growth) 

and Volmer and Weber1^ (VW mode, island growth). Apart from these basic 

growth patterns, in some systems, alloying and surface compound formation are 

observed. 1̂ j10 This is caused by the reaction of substrate and adsorbate atoms in 

the surface layer and the dissolution of the adsorbate into the substrate. It is also 

reported th a t there exists evidence for two m etastable growth modes, the 

"simultaneous multilayer" growth (SM) and "monolayer plus simultaneous 

multilayer" growth (MSM).9*17

The geometric structure of the overlayer is usually studied by LEED and 

other techniques. The evolution of the structure of the adsorbate is traced with 

increasing deposition. It is found that in some systems, such as Pd on Nb13, the 

film experiences a phase tran s itio n , going from commensurate to 

incommensurate.

Information concerning the electronic properties of the adsorbate-substrate 

complex is primarily derived from A<j>, ELS, UPS and XPS measurements of the
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adsorbate-substrate system as a function of adsorbate coverage. The electronic 

structure of the overlayer system always plays an important role in the chemical 

properties of the system and governs the geometric structure of the adsorbate and 

substrate.

Besides the study of metals adsorbed on metals, studies of the electronic and 

atomic structure of clean metal surfaces and studies of the chemisorption 

properties on metal surfaces also attract a lot of attention. Numerous theoretical 

calculations19’20 and experiments21-22 have been done to investigate the electronic 

properties and the band structure of clean metals. The interest in transition 

metals is based on the magnetic properties, such as the magnetic ordering in non

equilibrium geometry. For example, i t  has been conclusively demonstrated that 

films of fee iron are ferromagnetic if the lattice constant is large enough20. Of 

particular importance is the atomic structure of the surface. It is observed that 

the termination of a metal crystal by a surface significantly alters the neighbor 

coordination of surface atoms relative to that of bulk atoms. The changes in 

coordination cause the surface-region conduction-eleqtron distribution to be 

different from that of the bulk, and this difference can lead to further modification 

of the surface's crystallography.23'25 The two basic kinds of surface structure 

change are reconstruction — surface atoms are displaced relative to the bulk 

terminated positions parallel to the surface plane, and relaxation -  atoms relax 

inward or outward perpendicular to the surface plane. For example, a multilayer 

relaxation is found to exist for some clean metal surfaces in both theoretical and 

experimental investigations.24’25

In the field of heterogeneous catalysis a great deal of work has been done to 

study the gas-metal interaction .26 For example, in relation to the synthesis of 

ammonia and of hydrocarbons, studies of the chemisorption and decomposition of
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ammonia on metal surfaces and of hydrocarbon adsorption on metal surfaces 

were undertaken. By virtue of its single valence electron, hydrogen is considered 

as the simplest chemically reacting adsorbate. The motivation to investigate 

hydrogen-surface interaction phenomena also arises from other aspects. In the 

field of material science and metallurgy, hydrogen is known to be a major factor in 

embrittlement and fracture phenomena.^7 Another aspect is the use of certain 

alloys or intermetallic compounds to dissolve and store gaseous hydrogen.28

Early studies of the interaction of hydrogen with metals were undertaken 

primarily to understand the thermodynamics and kinetics of the adsorption 

process.29 Most of the studies concentrated on measuring heats of adsorption, 

lateral interaction energies, activation energies for desorption and diffusion, 

accommodation and sticking probabilities, entropies of adsorption and heats of 

solution of hydrogen in the bulk. Later, the chemical and physical bonding 

mechanisms and surface structure modifications with hydrogen adsorption were 

studied. The hydrogen induced work function change, the hydrogen adsorption 

site and the two-dimensional phase and phase transitions in physisorbed and 

chemisorbed hydrogen systems have been actively studied although much more 

needs to be done. For some metal substrates, such as Ni(HO),30-32 W(100)33,34 an(j 

W(110)35,36? the adsorbed hydrogen creates a pronounced substrate reconstruction 

at some critical coverage of hydrogen. It is then of great interest to explain the 

nature of the microscopic interaction responsible for these transitions.

In the work of this thesis, a few interesting systems of metal on metal and 

hydrogen interaction with metal surfaces have been investigated. In chapter 2 a 

few surface analysis techniques used in this work are briefly reviewed and the 

experimental setups are discussed. In chapter 3, AES and UPS studies of the 

growth, electronic structure and chemisorption properties of thin Pd films on



5

Al(IlO) are described. Al(IlO) was chosen because of the interest in adsorbates on 

simple metal substrates. The overlayer system of Ni on W(IlO) was studied 

because of the interest in the magnetic properties of thin Ni films. The results are 

presented in chapter 6 . The interaction of hydrogen with two transition metal 

surfaces (Nb and W) was studied using high energy ion scattering and channeling 

techniques in order to characterize the H-induced surface structure changes. The 

results are presented in chapters 4 and 5.

For convenience, some of the acronyms frequently mentioned in this thesis 

are listed below.

AES - Auger electron spectroscopy 

CMA - Cylindrical mirror analyzer 

FM - Frank-van der Merwe

HEIS - High energy ion scattering and channeling

HMA - Hemispherical mirror analyzer

HREELS - High resolution electron energy loss spectroscopy

LEED - Low energy electron diffraction

ML - Monolayer

MSM - Monolayer plus simultaneous multilayer

PES - Photoelectron spectroscopy

RBS - Rutherford backscattering spectroscopy

RGA - Residual gas analyzer

ROI - Region of interest

SBD - Surface barrier detector

SE - Surface enhancement

SP - Surface peak

SK - Stranski-Krastanov
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SM - Simultaneous multilayer

UHV - Ultra-high vacuum

UPS - Ultra-violet photoelectron spectroscopy

UV - Ultra-violet

VW - Volmer-Weber

XPS - X-ray photoelectron spectroscopy
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CHAPTER 2

EXPERIMENTAL METHOD

Introduction

In the process of studying the electronic and atomic structure and chemical 

properties of solid surfaces and interfaces, it  is important to understand the 

experimental facilities, the various analytical techniques, and the procedure for 

obtaining a clean surface. In this chapter, the surface analysis techniques, the 

ultra high vacuum(UHV) chambers and the instrumentation used in this thesis 

work are described, followed by a brief discussion of sample preparation.

Analysis Techniques

Since a full description on various surface analytical techniques can be 

found in quite a  number of publications^ ̂  only brief explanations of a few 

techniques used in this work (AES, UPS, XPS, LEED and HEIS) are discussed 

here.

Auger Electron Spectroscopy

Early studies of the energy distribution of secondary electrons emitted from 

a solid sample irradiated with slow electrons showed some small characteristic
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peaks which were ultimately attributed to Auger electrons. Since 1967, the use of 

Auger electron spectroscopy has become a fundamental tool for surface analysis. 

One of the most important steps in the experimental development was the 

introduction of a cylindrical mirror analyzer (CMA) to detect Auger electrons. 

With the use of the CMA, the sensitivity, energy resolution and signal to noise 

ratio were improved so that detection of surface impurities with concentrations as 

low as 0.001 monolayer became possible.

Fig. I. Schematic of Auger electron spectroscopy with the use of CMA.

In principle any type of radiation which is able to ionize the inner shells of 

atoms can be used to induce Auger electron emission, but the most common and 

convenient source used at present is an electron beam. Fig. I shows schematically 

the Auger spectrometer with the arrangement of the CMA analyzer. In general 

the number of emitted Auger electrons, N, is measured as a function of electron 

kinetic energy, E. A further development is to use a differentiation technique to 

enhance the Auger signals relative to the background. The differentiation is done
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by the use of a lock-in amplifier with a modulation voltage applied to the analyzer. 

Shown in Fig. 2 are the AES spectra for a clean Al surface and for a thin Pd film 

on clean Al. The Auger electrons are analyzed using the CMA with a pass energy 

of 25 eV and are collected by the electron multiplier. The signals are recorded on 

the X-Y recorder as a function of electron kinetic energy. The spectra show the 

characteristic peak for Al at an energy of 68 eV (LW ) and Pd near 330 eV (MNN). 

There is no sign of a peak for O Auger electrons which would be located at an 

energy of 503 eV if sufficient O were present.

Pd 330 eV

- -  C lean Al 
—  0.5 ML Pd/Al

Al 68 eV

Electron Energy (eV)

Fig. 2. AES spectra for clean Al(IlO) and 0.5 ML PdZAl(IlO) (1ML=1.43A).
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The incident radiation ionizes the atom by exciting one of the core level 

(inner shell) electrons. The core hole is then filled by an outer electron, which 

releases energy that makes it possible to excite a second electron in the outer shell. 

This excited electron is called an Auger electron. Because of the discrete nature of 

the energy levels of the atom this Auger electron leaves the atom with a 

characteristic kinetic energy. For the XYZ Auger transition a hole is first excited 

in the X shell, and is then filled by a transition from a higher level, the Y shell. 

The energy gained from this transition is transferred to the electron emitted from 

a state in the Z shell. The energy of the emitted Auger electron is given by ExYZ= 

E x - E y - E z -  UefF, where Ex, Ey and E% are the relevant core binding energies, 

and UefF reflects the fact that extra energy is required to remove the electron from 

state Z in the presence of a hole in Y. As an example a KLL Auger electron is 

emitted from the L shell following a transition of another L shell electron to the K 

shell. Since every element has its own characteristic set of energy levels the 

excited Auger electron for that element possesses a characteristic kinetic energy. 

Owing to the extensive Auger studies for various elements, the energies of Auger 

electrons for different types of Auger transitions for the various elements can be 

readily found in the handbook of AES.^® It is then possible to characterize the 

elements in one sample by checking the kinetic energy of the various Auger 

electron peaks. By measuring the intensities of the Auger electron peaks a 

quantitative analysis can be used to infer the concentration of each element in that 

sample. In the case of thin film studies, by measuring the intensities of the 

adsorbate and substrate Auger electron emission it is possible to determine the 

film thickness and to characterize the film growth morphology, as described later 

in this chapter.
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X-rav Photoemission Spectroscopy

XPS, also called ESCA (electron spectroscopy for chemical analysis), makes 

it possible to determine the electronic binding energies in atoms and to deal in 

detail with various applications in surface analysis. The basic elements for X-ray 

photoemission spectroscopy include a light source (radiation of Al Ka  (1486.6 eV) 

or Mg Ka  (1253.6 eV) in our lab), an electron energy analyzer and a detecting 

system as illustrated in Fig. 3(a).

In XPS the number of X-ray excited photoelectrons is measured as a 

function of the kinetic energy, Efcillj of the photoelectron, or the binding energy, 

Eb- The relationship OfEfcin and Eb is given by

Efcin = hu - Eb - e<t> (I)

where hu is the incident photon energy and <j> is the work function of the solid. A 

typical spectrum for a Ni film on W(IlO) is shown in Fig. 4.

Because the electrons in each element have characteristic core-level 

binding energies,^9 it is straightforward to identify the elements in a sample by 

determining the binding energies of the various core-level photoelectron peaks in 

the spectrum. With a quantitative analysis one is also able to determine the 

concentration of each element in a sample by measuring the intensities of the 

characteristic photoelectron peaks, as in the procedure used in AES. Another 

useful quantitative technique in XPS is to determine the core-level chemical shift. 

The core-level electron binding energies for a certain element are subject to 

variation (typically by a few eV) depending on the chemical state, such as 

oxidation, etc. Measurements of the chemical shift can provide valuable 

information for studying the chemistry of molecules, solids and surfaces.



Sample
E
I

O------ _T
Sample

1B

Sample

(a) (b) XPS (c) UPS

E kin = h u 'e b ' e(|)

Fig. 3. Schematic of photoemission spectroscopy (PES).
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Kinetic Energy (eV)
590 610 630 650 1200 1220 1240 1260

hn = 1486.6 eV

1.7 ML Ni on W(IlO)

Fig. 4. XPS spectrum for 1.7 ML Ni film on W(IlO) surface. Photoelectrons are 
excited by Al Ka radiation. I ML = 1.864 x 1015 atoms/cm2.

Ultraviolet Photoemission Spectroscopy

The primary difference between UPS and XPS is the energy of the incident 

photon that is used for the excitation of the photoelectron. UPS makes use of a 

light source with a lower photon energy in order to study the electronic structure 

of the valence electrons at surfaces and interfaces. Two types of light source often 

used today are (a) noble-gas discharge with emitted resonance radiation, such as 

HeI (21.2 eV), HeII (40.8 eV) etc, and (b) synchrotrons, which produce radiation 

over a broad spectral range.
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In UPS the energy distribution of the m easured photoelectrons is a 

reflection of the density of occupied levels, both bulk and surface levels. Although 

it is usually difficult to distinguish whether the structure in the photoelectron 

spectrum arises from excitation of bulk states, surface states on the clean surface, 

or surface states due to foreign species, the UPS technique can still provide a lot of 

information about surface states if used carefully.

In our work in chapter 3, the photoelectrons are excited by a He resonance 

source. The number of photoexcited electrons is measured as a function of the 

electron kinetic energy and is recorded on an X-Y recorder. The electron kinetic 

energy is converted to the binding energy of the initial state using Eq. (I).

Low Energy Electron Diffraction

Low energy electron diffraction, apart from AES, is the most commonly 

used technique in the study of single crystal surfaces. Because low energy 

electrons do not penetrate very far into the surface, i.e., they have a short mean 

free path, LEED measurements provide information concerning primarily the top 

layer or two of atoms a t the surface. LEED probes the long-range order of periodic 

surface structure and also yields valuable information on partial disorder on the 

surface.

A detailed discussion about LEED optics, LEED structure analysis 

techniques and a large amount of LEED work can be found in various 

publications.40 LEED diffraction patterns and the I-V (intensity vs. electron 

energy) behavior of the diffraction spots are usually used (a) to determine 

qualitatively the removal of layers of foreign species in a cleaning procedure, by 

observing when the lattice structure of the host m aterial becomes clearly 

developed; (b) to determine atomic positions within the unit cell of a periodic
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surface structure; i.e., to provide information about surface reconstruction and 

relaxation; (c) to provide information about the ordered spacing (structure) of 

adsorbed species; and (d) to provide information on regular surface steps.

High Energy Ion Scattering/Channeling

It is well known that many chemical and electronic properties of surfaces 

and interfaces are related to the atomic structure at the surface or interface such 

that investigations of the surface and interface structure become more and more 

important. In addition to LEED as a structure probe, Rutherford Backscattering 

Spectroscopy (RBS) using energetic light ions also serves as a useful tool in 

structure determination.41-43 RBS has also proved to be a useful tool for in-depth 

analysis of thin film composition and structure. It is straightforward to interpret 

the RBS spectra because of the simple, classical nature of the ion-solid interaction. 

Considerable surface sensitivity is achieved when the ion beam is aligned along a 

crystal axis.

For MeV He+ ions, the de Broglie wavelength is of the order of IO"^ cm; 

thus the crystal lattice is not viewed as a diffraction grating but rather as an array 

of rows and sheets of nuclei that collimate and steer the beam. When the ion beam 

is aligned along a crystal axis, on the scale of interatomic distances the ion is 

simply a point probe weaving through the channels provided by the rows and 

planes of atoms. Hence, this particular RBS technique is called high-energy ion 

channeling.

Fig. 5 illustrates the backscattering of a He+ ion beam incident on a single 

element target. For simplicity , the ion beam is considered to be incident normal to 

the surface. The number of backscattered ions is measured as a function of 

backscattered ion energy at the scattering angle 0. The edge of the spectrum at
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the high-energy side corresponds to the ions backscattered from the surface. If the 

incident ions have the energy Eq, the edge will be at the energy KEq, where K is the 

kinematic factor for that element at the scattering angle 0 and is given by42

K =
(M22 - M 12Sin2Q)^ +M 1CosB 

M1 + M2
(2)

Here Mi and M2 are the atomic mass numbers of the projectile (He) and the target 

atom, respectively. The ions backscattered from the bulk suffer an energy loss, 

AE, due to the electronic stopping (dE/dx) as they penetrate through the material 

so that they are detected with a lower energy.

Detector
Energy

with solid angle O and 
energy channel w idth SE

Fig. 5. Schematic of Rutherford backscattering spectroscopy from a single 
element target.

The surface yield, that is, the spectrum height (number of counts in a

channel) at the edge can be evaluated as 

H0 = Q O(E0) N Q SE/[S0] (3)
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where

(i) Q is the total number of incident He+ ions,

(ii) Q is the solid angle spanned by the detector aperture,

(iii) N is the atomic number density of the target,

(iv) O(Eq) is the average Rutherford differential scattering cross section for the 

projectile (He+) and the target atom at the incident energy Eq and the scattering

angle 0.

(v) 8E is the energy width of a single channel in the spectrum and is determined 

by the electronic settings of the detecting system; and

(vi) [Sq] is the energy loss factor at the surface.

In the above, O(Eq) is given by

O Jadn
(4)

where the differential cross section is

ZiZ2Q2
4Esin2(0/2)

g(0,M1,M2)

For a small detector solid angle £1, Eq. (5), F is a screening

correction factor which is given in the Moliere approximation by

F = I - 0 .042Z1Z ? /E (keV) (6)

and g(0, Mi, M2) is a transformation factor from the center of mass to the

laboratory frame of reference:

g(0,M1,M2) = I -  2(M1/M2 )2 sin4 (0/2) (7)

where Zi and Z2 in Eq. (6) are the atomic numbers of the projectile (He) and the 

target atom, respectively.

Also, [Sq] is given by
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k__dE t I dE
(8)

where 6q and Bi are the angle between the normal direction of the target surface 

and the direction of incident ions, and the angle between the normal direction and 

the backscattered ions, respectively. For normal incidence, Gq =0 and Gi =ISO0-G. 

An equivalent expression for this equation can be given in terms of the stopping

cross section, e, rather than ,

where E(Eq) and E(KEq) are the stopping cross sections evaluated at energies Eq 

and KEq, respectively. The evaluation of the spectrum height at energy E i is 

performed in a similar manner by using the average ingoing and outgoing energy 

for the ions collected at energy E i in the evaluation of a  and [S] (or [e]).

dx

[S] = [e]N and

(9)

Energy E1 K E0
Detector

Fig. 6. Schematic of RBS from a thin film on a light substrate.
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In Fig. 6, the target is a thin elemental film on a light substrate. The 

backscattered ions from the film are located in the energy region from Ei to KEq in 

the spectrum. The area A is given by 

A = Q O(E0) fi N t

where t is the film thickness and N is the atomic number density of the film 

material. If a heavy impurity of mass i rather than a thin film is on a light 

substrate of mass M, the part of the spectrum for mass i looks more like a peak 

than a rectangle. The number of the impurity atoms per unit area is

§o
U
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-

<■
*

\
-

600 - • Random Incidence ■*.
* [110] Incidence -

400 E = 1.35 MeV1 0 = 105°
/

Offset channel number 512

W(IlO) Surface V
200

X
j I .

0 Ilff  ̂ . , . '
600 650 700 750 800

Channel Number

Fig. 7. RBS spectra for He+ ions backscattered from W(IlO) surface. For open 
squares the ion beam is aligned along the normal direction. For filled squares the 
ion beam is incident along a random direction. Shaded area is the surface peak 
(SP) area.
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(Nt> ' - Q ^ h ;  ao)

For a single crystal target, if the ion beam is aligned along a crystal axis the 

backscattering spectrum is similar to the one shown in Fig. 7. The lower curve is 

the backscattering spectrum for a He+ ion beam incident along the [l 10] direction

of the W(IlO) surface. In the aligned spectrum the backscattered ion yield from 

the bulk of the solid is reduced by almost two orders of magnitude because of the 

channeling effect. A peak occurs at a position corresponding to the energy of ions 

backscattered from the exposed atoms at the surface region. This peak is called 

the surface peak (SP). A spectrum with a random incidence direction is also 

shown in Fig. 7. It exhibits a large ion yield backscattered from the bulk.

Along the  Row of Atoms

Fig. 8. Shadowing effect for incident ions encountering a surface atom.
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The surface peak and the reduction in the bulk yield are all due to the 

shadowing of the underlying atoms by the outermost atoms as shown in Fig. 8. 

The shadowing effect shields the underlying atoms from direct interaction with 

the ion beam. Most (~ 98%) of the incident ions do not get close enough to the row 

of atoms in the solid to undergo close encounters with large angle Rutherford 

scattering, so the yield of backscattered ions from sub-surface atoms decreases by 

almost two orders of magnitude. The majority of the ions penetrate (channel) 

deeper into the crystal and make only small angle collisions with the atomic row.

For an ideal static crystal, the surface peak is simply due to the ions 

backscattered from the surface atoms. The area of the SP will yield the atomic 

density at the surface, Nt, ( number of atoms/cm2) using Eq. (10). At room 

temperature, however, the surface atoms are not stationary but vibrate about their 

equilibrium positions. The topmost atom is not able to completely prevent the 

second atom in the row from having a close encounter with the ion beam.

In the approximation of classical Coulomb scattering the Coulomb shadow 

cone radius41 (Rc in Fig. 8) is given by

For most crystals a t room temperature, the two-dimensional root-mean-square 

(rms) vibrational amplitude perpendicular to the' beam, p, is comparable to the 

shadow cone radius. The close-encounter probability41 for the incident beam with 

the second atom is estimated to be

That is, the contribution to the scattering yield from the second atom, ?2, increases 

the SP area, as does that from the third, fourth and subsequent atoms.

(11)

( 12)
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This shadow cone concept, together with Rutherford backscattering has 

been used frequently to determine the structure of surfaces and interfaces. The 

following discussion presents a few additional important points.

As discussed above therm al vibration allows the atoms below the surface 

layer to contribute to the surface ion yield. If, by some means, such as the 

adsorption of a foreign species like hydrogen, the vibration of the surface atoms is 

enhanced, then the surface peak increases. In some crystals, atomic vibrations 

are strongly correlated, this has the effect of decreasing the SP. Study of the 

surface peak can provide useful information about the amount of correlation.

If a clean surface undergoes surface reconstruction, that is, the surface 

atoms are displaced in .the plane of the surface, the surface peak area increases 

relative to the value for the ideal surface as shown in Fig. 9(b). If the surface 

undergoes an inward or outward relaxation, this relaxation can be detected by the 

measurement of the SP for ions incident along the off-normal directions. For the 

ions incident along the surface normal, the SP shows no difference between the 

relaxed and the non-relaxed surface and the SP is symmetric about the normal 

direction when the crystal is tilted slightly about the normal direction. However 

for ions incident along an off-noraml channeling direction, the SP for the relaxed 

surface is larger than for the non-relaxed surface (Fig. 9(c)). The variation SP 

area for a relaxed surface is asymmetric about this off-normal direction when the 

incident angle is varied slightly about the off-normal direction, while the variation 

is symmetric for the non-relaxed surface.

When a heavy adsorbate is deposited onto the surface, and if the adsorbate 

atoms occupy the atomic sites on top of the substrate atoms, the SP of the substrate 

decreases because the substrate atoms are shadowed by the adsorbed atoms (Fig.
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•o— O— O— o-
Ideal surface

- e —

Heavy adsorbate covered

Fig. 9. Schematic of different studies by ion channeling, (a) bulk terminated 
surface, (b) surface reconstruction, (c) surface relaxation, (d) heavy adsorbate, and 
(e) light adsorbate.
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9(d)). The shadowing effect can also be measured for a light adsorbate although 

the effect is smaller (Fig. 9(e)).

In the HEISZRBS experiment the SP area is measured, yielding the number 

of atoms in a row that are visible to the ion beam. This value is compared with a 

theoretical calculation to determine the surface structure. In the calculation the 

channeling process is simulated using Monte Carlo simulation techniques and 

the SP area is evaluated. The structure determination is made by varying the 

structure parameters in the computer simulation program until a best fit between 

the experiment and simulation results is achieved. A brief outline of the computer 

program used for the Monte Carlo simulation is given in Appendix B.

Experimental Apparatus

To keep a solid surface clean, i.e., to prevent any contamination by the 

residual gas molecules, an ultra-high vacuum is essential. With current high 

vacuum technology it is practical to obtain a high vacuum in a UHV chamber with 

pressures as low as 10" H  to 10"10 Torr. In the work of this thesis two different 

UHV chambers have been used for the different surface studies. For the work in 

chapter 3, a UHV chamber (Physical Electronics 0545) equipped with AES, LEED 

and UPS facilities was used in order to study the electronic properties and 

chemisorption behavior of Pd thin films on Al(IlO). The remaining work was 

performed in another chamber, referred to as the ion scattering chamber, which 

is equipped with high-energy ion scattering facilities, an XPS system, a LEED 

optics and a residual gas analyzer.
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Fig. 10. Schematic of the front view of the 0545 UHV chamber.
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Diffusion
Pumps

Pumps

Fig. 11. Schematic of the side view of the 0545 UHV chamber.

0545 Chamber

This UHV chamber is equipped with a turbo molecular pump, an ion pump 

and a Ti sublimation pump. Front and side views of the chamber are shown 

schematically in Fig. 10 and Fig. 11. Items on this chamber include:

Sample Manipulator (2): Capable of adjusting the sample position along 

three orthogonal translations, a rotation (360°) along the vertical axis, and a tilting 

along the horizontal axis parallel to the surface. The sample can be quickly 

located for AES, LEED and UPS measurements.
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LEED Optics (12): The optics is ocated in the rear of the chamber. It has a 

built in electron gun (5) in the center. The low energy electron diffraction patterns 

are viewed through the window from the front.

CMA: Two cylindrical m irror electron energy analyzers(CMA) are

mounted on opposite sides of the chamber. The single-pass CMA (3) is used for 

AES measurements and the double-pass CMA (4) for UPS measurements. The 

single-pass CMA has a built-in electron gun (5) on the CMA axis. The double-pass 

CMA has an adjustable aperture in the path of electrons that can be used to do 

angle-resolved photoemission measurements. It has an energy resolution of 0.5 

eV when the pass energy of 25 eV is selected and when the angular aperture is 

fully open.

UV Lamp: A He discharge lamp is used to provide the radiation (ultra

violet light) to excite the photoelectrons in the solid for the UPS measurement. The 

photons generated by this He discharge lamp have the energies of the two 

resonance lines, hv=21.2 eV for HeI and 40.8 eV for He II. The UV source has to 

be operated without windows so two diffusion pumps and two apertures (13) are 

used for differential pumping in order to maintain the ultra-high vacuum in the 

chamber. When the lamp is running the pressure in the discharge chamber (14) 

is about 1000 microns. The operating voltage is 1.5 keV. The radiation emitted 

from the resonance source passes through the two apertures and is incident on 

the sample about 45° from the surface normal.

Others: The ion gun (11) is used to clean the sample surface by

bombardment with 1-3 keV Ar+ ions. It is operated by filling the chamber with Ar 

gas up to a pressure of IO"6 Torr. The secondary electron microscope (SEM) (7) is 

used to locate the sample position for the AES measurement. The quartz-crystal 

oscillator (QCO) (6) is used to monitor the amount of film deposition. The Og and
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CO are introduced into the chamber by a leak valve for the purpose of 

chemisorption studies on the surfaces. The evaporator (15) is used to deposit thin 

films onto the substrate surface (see chapter 3 for details).

Ion Scattering Chamber

This UHV chamber is equipped with HEIS/RBS, XPS and LEED facilities 

which include a 2 MeV van de GraafF ion accelerator, a solid state ion detector, a 

twin anode X-ray source, a hemispherical analyzer and a LEED optics. A full 

description of this UHV system is given elsewhere.44 Illustrated in Fig. 12, 13 and 

14 are the schematics of the system.

Fig. 12. Outline drawing of the beam lines on the van de Graaff accelerator. 
Numbers refer to items discussed in the text.
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Fig. 13. Outline drawing of the side view of the ion scattering chamber.

Fig. 14. Outline drawing of the top view of the ion scattering chamber.
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Accelerator and beamline: Fig. 12 shows a line drawing of the ion

accelerator and the associated beamline in the laboratory. The ions, either He+ or 

H + (proton) , are produced by the van de GraaEf, type AK model N positive-ion 

accelerator (I). The accelerated ion beam is deflected by the switching magnet (3) 

and is guided by the beamline into the scattering chambers. At the end of the 30° 

port is a low-vacuum commercial scattering chamber in which most of the RBS 

and PIXE research is performed. The beamline at the 15° port is differentially 

pumped in order to maintain a high vacuum in the chamber when the accelerator 

is running. The ion beam is focused and is collimated by two I mm diameter 

apertures (6) along the beamline separated by 1.20 meter. Collimation is very 

important in the channeling experiment. The energy of the ions is selected at the 

accelerator console. However precise control can be achieved by controlling the 

magnitude of the magnetic field of the switching magnet. The magnetic field, B, 

and the ion energy, E, have the relationship B = VS. An energy stabilizer is used 

to stabilize the ion energy by balancing the ion beam current difference at both 

sides of the stabilizing slit (5) on the beamline. A typical ion beam flux at the 

sample is ~8.0 x IO12 ions/cm2/sec, i.e., ~10’® A ion current with a beam size equal 

to that of the apertures.

Ion Detector: A silicon surface-barrier detector (2) is used. This

semiconductor is a large-area diode consisting of an extremely thin p-type layer on 

the sensitive face of a high-purity, n-type silicon wafer. When a charged particle 

enters this detector it creates free electron-hole pairs by losing energy at a rate of 

3.6 eV/electron-hole pair. This rate  of charge carrier formation is nearly 

independent of particle type over a wide range of energies, provided the sensitive 

depth of the detector (W) exceeds the range of the particle, and provided also that 

the electric field in the sensitive region is sufficiently large to separate the charge
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carriers before they recombine. The detector is illustrated in Fig. 15. The depth of 

the sensitive region (W) corresponds to the portion of the silicon that contains an 

electric field resulting from the externally applied reverse bias on the diode. Free 

charge carriers created in this region by the incident particle are separated under 

the influence of the electric field, and the resulting net current pulse is 

proportional to the energy of the incident particle.

Ceramic Mounting 
Insulator

Gold Front 
Electrode

Ionizing
Radiation

Silicon Wafer

J

I

Aluminum Back 
Electrode

W— the depth of the sensitive region 
L —  the total thickness of Si wafer 
D —  the effective diameter of the active area

Fig. 15. Schematic of the silicon surface barrier detector.

The detector is 3.5" away from the target. The active area is 50 mm^. An 

aperture of ~ 20 mm^ is mounted in front of the detector thus making a solid angle 

of 0.00235 sr.

Goniometer: The target sample (I) is mounted on this goniometer (17) 

which is capable of three orthogonal and independent rotations. The entire
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goniometer sits on a two axis stage which provides 2 inches of vertical translation 

and a tilt motion about an axis parallel to the incident beam at the top of the 

goniometer stage.

X-ray Source: A VSW TAlO twin anode X-ray source (not shown but 

directly above flange 7 and 8 in Fig. 14) is used to provide X-ray radiation for the 

excitation of the photoelectrons. I t is mounted on a bellows so that it can be 

retracted to clear the way for the sample holder. The characteristic radiation at 

fixed photon energies superimposed on a bremsstralung background is emitted 

when an energetic ( several keV) electron beam strikes the water-cooled anode. 

The two switchable anodes for this X-ray source are Al and Mg. The Al yields 

characteristic Ka  radiation at a photon energy of 1486.6 eV with a FWHM of 0.85 

eV. The Mg Ka  radiation has an energy of 1253.6 eV with a FWHM of 0.70 eV.

HMA: A VSW HA100 hemispherical mirror energy analyzer (16) is used 

for XPS measurements here. The HMA works as a band pass filter which focuses 

electrons with a certain kinetic energy determined by the potential difference set 

up between the concentric inner and outer hemispheres. If Eq is the kinetic 

energy of the electrons travelling in  an orbit of radius Rq (as shown in Fig. 16), the 

potential difference required must be

V = Ef R1 (13)
R1 R2 j

The voltages on the inner and outer hemispheres are 

V1 = Ec

respectively. Here Ri and R2 are the radii of the inner and outer hemispheres 

respectively and R0 = ^ R 1+R2) is the radius at which the entrance and exit slits

rHIOS

and V2 = E0

i—l

v Ri ) tti
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are located. The photoelectrons are transferred from the sample to the analyzer by 

a sophisticated lens system and are retarded by the lens system by an amount R to 

Eq (the pass energy) before entering the analyzer.

Electron
Multiplier

Fig. 16. Schematic diagram of the concentric hemispherical analyzer.

LEED optics: This rear viewing LEED optics (13) has an electron gun built 

on the optics axis. It is mounted on a 6 inch bellows providing 4 inches of linear 

motion.

RGA: A Dycor Electronics MlOOM quadrupole residual gas analyzer (6) is 

used to monitor the individual partial pressures of each ambient gas, such as Hg, 

CO, COg etc, in the chamber. It is also used for the purpose of leak testing.

Data Acquisition

HEIS/RBS

As discussed in a previous section, the backscattered He+ particles are 

collected by a silicon surface barrier detector (SBD). When a particle enters the
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detector, it generates , a pulse of charge with the pulse height being proportional to 

the particle energy. The current pulse is converted to a voltage pulse and is 

analyzed by the multichannel pulse height analyzer. Before taking the RBS 

spectrum the multichannel analyzer is calibrated to have N keV/channel 

(typically N=I or 2) by using a calibrated pulse generator with the detector. The 

pulse generator is originally calibrated with the detector using a known alpha 

radiation source-the 5.30 MeV alpha particle from 21OPo. The detector is biased 

with the recommended value from the manufacturer. The multichannel analyzer 

can be used in either of two distinct data analysis modes: the pulse-height-analysis 

(PHA) mode or the multichannel scaling (MCS) mode. In the PHA mode, the 

horizontal axis on the screen of the multichannel analyzer (channel number) is a 

scale for the backscattered particle energy. The vertical axis is the number of 

backscattered particles at that energy. After completing the collection of the 

spectrum for the desired number of incident particles, the spectrum is transferred 

to the computer for quantitative analysis. A schematic drawing of this process is 

illustrated in Fig. 17 and a full menu of data analysis options can be found in the 

Appendix A.

If there are too many backscattered particles, i.e., too many incoming 

pulses, the multichannel analyzer will not be able to accurately analyze each 

pulse. Then two different situations may arise. The first is that the analyzer is so 

busy (dead time) processing counts th a t i t  will miss some of the pulses. By 

measuring the real acquisition time, TE, for the spectrum and the live time, TL 

(calculated in channel 0 in the analyzer), a correction for the lost can be made. 

The actual number of counts for a channel is estimated to be TR/TL times the 

actual number of counts in that channel stored in the analyzer. The second 

situation which can occur is that two or three pulses may arrive simultaneously at
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at the amplifier and be counted as one larger pulse, i.e., at a higher energy. This 

phenomenon is called pile-up. The analyzer will then lose those counts in the pile- 

up pulse. Pile-up and dead-time are reduced by operating at lower counting rates.

Sample

Detector

155 V

Pulser

150 MD
1.5 V

Detector
Bias

Amplifier

NEC
Computer

Preamplifier Multichannel
Analyzer

Fig. 17. Schematic diagram for the HE ISZRBS data acquisition.

In Eq. (10) it is necessary to measure the number of incident particles for 

the quantitative calculation of (Nt), the number of atoms/cm^ visible to the incident
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ion beam. The usual way to do this is to measure the incident beam current at the 

sample and to integrate the current over the time of the spectrum collection. This 

can be handled nicely by using a current meter and integrator. The number of 

incident particles is equal to the total integrated charge divided by the charge on 

one ion. However, the incident high energy ions are capable of inducing 

secondary electron emission from the target. These outgoing electrons will then 

be added to the actual beam current. Most of the secondary electrons have a 

kinetic energy of less than  100 electron volts. They can be suppressed by using a 

battery with a voltage of about 100 V applied to the sample as shown in Fig. 17. But 

typically the sample mounting will have a resistance between the sample and 

ground on the order of IO^ MQ. The leakage current associated with the bias 

battery will then be about IxlO  ̂ A. A typical ion beam current used in these 

experiment is about 1x10 ^ A so an auxiliary circuit, shown inside the block in Fig. 

17, is used to correct for the leakage current. The block works like an adjustable 

constant current source. The large resistor is used because it is required by the 

current integrator. Another way to solve the leakage current problem is to 

measure the leakage current without the ion beam and make the correction 

afterwards. In the high energy ion channeling experiment the surface peak area 

is determined using a triangular background subtraction technique. The 

corrections for deadtime and leakage current are also included.

In the MCS mode, the multichannel analyzer takes a region of interest 

(ROI) of the backscattering spectrum, which is set manually, and integrates the 

number of counted backscattered ions in this ROI for a preset time interval. The 

total counts for this ROI are then measured as a function of time (the increment of 

time is the preset time interval) and this spectrum appears on the screen of the 

analyzer. This collection mode can be used to find the channeling direction of the
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crystal and can also be used to collect the XPS spectrum as discussed later in this 

section.

In a channeling experiment it is necessary first to locate the channeling 

direction, that is, to align the ion beam along a low index crystal direction such as 

[100], [110] or [111]. When the desired crystal direction is aligned with the incident 

ion beam the number of backscattered ions from the bulk of the target should be at 

a minimum compared to the number of backscattered ions when the incident ion 

beam is along a random direction at some angle off this crystal direction. That 

means that when the ions are aligned along a channeling direction, few ions are 

de-channeled by the rows of atoms in the bulk (cf. Fig. 7 and 8). The procedure for 

crystal axis alignment using the MCS collection mode in the multichannel 

analyzer is as follows. First, the ion beam flux should be kept roughly constant at 

all times. With the sample approximately normal to the ion beam, define a region 

of the spectrum (ROI) which corresponds to bulk de-channeling. Then rotate the 

sample about 60° off normal and collect counts for the ROI as the azimuthal 

rotation is increased until the count rate  in the MCS mode passes through a 

minimum. At this point the beam should be parallel to a crystal plane. Now, there 

is some channeling and this channeling effect is called planar channeling. Next, 

rotate the sample back to normal or a little past normal until an even lower 

minimum in the MCS spectrum is reached. Keep the sample at this minimum 

and tilt the sample back and forth to locate the absolute minimum in the count 

rate. At this point the normal channeling direction is nearly aligned to the ion 

beam. Go back to about 60° and repeat the entire procedure one or two times until 

no further reduction in count rate is observed. Now the axial channeling 

condition is established. To align the beam along other directions it is convenient 

to find the plane for planar channeling which contains both the normal and the
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desired crystal direction. Then find the normal channeling direction and rotate 

the sample in that plane by the amount of angle between the desired axis and the 

normal direction. Of course the alignment can be checked by looking for the 

minimum in the MCS count rate when this desired axis is reached.

XES

In a photoemission energy distribution curve, the number of photoelectrons 

is collected as a function of electron kinetic energy. The electron kinetic energy is 

determined by the HMA. The HMA can be operated in two different modes, FAT 

(fixed analyzer transmission) scanning mode or FRR (fixed retarding ratio) 

scanning mode. In the FRR mode, electrons entering the analyzer system from 

the sample, have their energy in the analyzer retarded by a constant proportion of 

their kinetic energy so that the ratio of electron kinetic energy to analyzer pass 

energy is kept constant during a spectrum. The retard ratio is defined as 

k=(Eitii1-(j))/Ep.

where Ep is the pass energy and <t> is the workfunction of the spectrometer. 

Throughout the scanning range the transmission energy of the analyzer is 

continuously varied to maintain a constant retarding ratio. Sensitivity and 

resolution are also proportional to the transmitted kinetic energy, sensitivity being 

reduced at lower kinetic energy. But in this mode the area of the sample analyzed 

and the emission angle remain constant throughout the whole kinetic energy 

range. In the FAT mode, the transmission energy of the analyzer is held 

constant. Therefore, electrons entering the analyzer have their energies retarded 

by varying proportions. The resolution obtained is then held constant throughout 

the whole kinetic energy range, but the area of the sample analyzed and the 

emission angle do vary slightly with kinetic energy.
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The electrons are collected by the electron multiplier after passing through 

the HMA. The signal is amplified by a preamplifier and an amplifier and is 

recorded by the multichannel analyzer using the MCS mode. In the MCS mode 

the total number of counts of the electron pulses is collected during a set time 

interval. This time interval can be manually set according to the scanning rate of 

the electron energy so that a good energy resolution can still be maintained. 

Typically the setting for the scanning rate is 0.3 eV/sec and the collection time 

interval is 0.5 sec.

The photoelectron peak area is determined after doing a linear least- 

squares fit to the background level a t the minima on both sides of the peak. A 

straight line background is then constructed and the background is subtracted 

from the peak area.

Film Growth

As discussed in chapter I, the growth mechanism of vapor-deposited films 

can be very different for different adsorbates and substrates. Whether the film 

grows in FM mode, SK mode or VW mode as defined below depends on the relative 

magnitudes of the surface energies, ys, yf, of the substrate and of the film, 

respectively, and the interfacial energy, yin between substrate and film. 11 >45 The 

monolayer-by-monolayer growth (FM growth) occurs only when Ayn = yfn + yin - 

ys < 0 for nth monolayer. Here the n-dependent strain energy in the film has been 

included in yin. yf and ys are the values for the semi-infinite crystals, and yfn 

deviates somewhat from yf due to the n-dependent surface strain. When this 

condition is not fulfilled, three-dimensional crystal growth occurs. The six modes
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of film growth9>46 and the expected Auger signals for both substrate and adsorbate 

as a function of deposition time (AS-t) for each mode are shown in Fig. 18.

(a) FM mode (b) SK mode (c) VW mode

Fig. 18. The six growth modes and their AS-t plots, (a) FM growth, (b) SK growth, 
(c) VW growth, (d) surface compound formation, (e) SM growth, and (f) MSM 
growth.
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FM fPrank-van der Merwe) Growth

In this type of growth, the film grows in a two dimensional way, layer by 

layer. The AS-t plot shows a series of straight lines with abrupt slope changes in 

both the substrate and adsorbate Auger signals upon the completion of each layer.

For a quantitative analysis one assumes that numbers of Auger electron 

transm itted through the successive layers of the substrate-adsorbate system 

decays exponentially with the attenuation factor, w=exp(-dA,(E)), where d is the 

layer thickness, X(E) the mean free path of the Auger electron at energy E. For 

simplicity it  is also assumed th a t a uniform and homogeneous substrate is not 

modified by the deposition of the film and the dimensions of the adsorbate and 

substrate atoms are equal, which implies that (I) the thickness of each adsorbed 

layer is equal to the thickness of each substrate layer, and (2) the number of atoms 

per unit area, m, is the same for the substrate and adsorbate. Thus, in the case of 

FM growth, the intensity of the adsorbate Auger emission (or XPS peak area of the 

adsorbate core-level) for a film composed of h complete layers plus the topmost one 

covered by a fraction x (0<x<l) is derived as4®

Ia = Iq Sa m [ x+( I  -x+xwaX 1-wa^)( I -wa)” 1I , 

and the intensity of the substrate Auger line (or the XPS peak area of the substrate 

core-level) is

Is = Iq Ss m wsh ( I - W s) '1 (1-x+xwg).

where Iq is the incident beam intensity, Sa and Sg are sensitivity factors for the 

characteristic adsorbate and substrate Auger line respectively (they are 

proportional to the cross section of the involved transition process of that element), 

and wa=exp(-d/Xa), and ws=exp(-d/Xs) are the attenuation factors. Xa and Xs are
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the mean-free-paths of the electrons a t the kinetic energy of the adsorbate and 

substrate Auger electrons, respectively.

To eliminate the incident beam intensity Iq, the weighted intensity ratio is 

considered

VW (Volmer-Weber) Growth

In this growth mode, the film and the substrate do not wet so the deposited 

atoms aggregate to form islands (3-D crystallites) on the substrate surface. With

results show tha t the Auger signal of the substrate decreases and that of the 

adsorbate increases monotonically.

SK (Stranski-Krastanov) Growth

In this mode, islands grow after the completion of a single monolayer. The 

first layer of the film fulfills the FM growth condition. 3D crystals form 

immediately after this layer on the substrate (VW mode) because the FM condition 

is not fulfilled anymore due to this monolayer deposition. In the AS-t plot only one 

slope change occurs after the completion of the monolayer deposition.

Compound Formation

Because of the reaction of the adsorbate with the substrate a surface alloy is 

formed after the deposition of film. The AS-t plot in Fig. 18(d) shows that the alloy

(14)

When h=0, we have — — =Yl- w„ )x.
1+R v '

similar considerations as in FM mode Ia, Is and R can be evaluated.46 The
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formation occurs by insertion of substrate atoms in the adsorbate layer after the 

deposition of one monolayer. In this case the plot of Auger signals vs. deposition 

may be similar to those in SK growth mode. It may then become necessary to 

obtain information from surface techniques other than AES (or XPS) in order to 

determine the true growth mode.

SM Growth

SM mode is just a metastable form of the FM mode. It is an idealized case 

with negligible surface mobility. Each vapor atom impinging on the surface sticks 

where it hits. Layers are built up a t random, the nth layer can start as soon as 

there is a fraction of the (n-l)th layer present.

MSM Growth

This is an intermediate case tha t lies between the FM mode (rapid surface 

diffusion) and the SM mode (ho diffusion in the idealized mode). It is known that 

the mobility of the adsorbed atoms depends on the coverage. In the MSM mode, it 

is believed that the mobility of the adsorbate on the substrate is rapid enough to 

produce a uniform and continuous growth of one monolayer (as in FM mode). 

Thereafter, the mobility drops to a negligible value as in the idealized case and 

then the film grows in the SM mode.

Sample Preparation

When a particular surface plane of a single crystal such as the (HO) plane 

of W, is to be studied it is important tha t the sample be cut, aligned and polished
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until the surface is of the desired plane and is a shinny and smooth one. Usually 

the sample is treated by chemical etching after polishing to remove damage 

associated with the mechanical polishing and obtain the shinny and smooth 

surface before it is mounted into the UHV chamber. To obtain a surface free from 

any foreign species, the sample must then be cleaned in situ.

Fluorescence
Screen

Film

X-Ray
^v w w v w x a

Sample

Camera

Goniometer

Fig. 19. Schematic of the Laue X-ray diffractometer.

Orientation of Surface Plane

After the single crystal is cut to approximately the surface plane of interest 

and before it is mechanically polished it is oriented using the X-ray diffraction 

technique.47 The Laue X-ray diffractometer used for the orientation is drawn in 

Fig. 19. The X-ray radiation generated in the X-ray source with a Mo anode has a 

continuous spectrum. For the reflected rays to interfere constructively, they must 

obey the Bragg condition

nX = 2 d sin6 (15)
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where d is the spacing of lattice planes. The Bragg peaks will then show up on the 

film as spots. Fig. 20 is a diffraction pattern for an oriented (HO) plane of 

tungsten. When the crystal is properly oriented, that is, when the desired surface 

plane is perpendicular to the direction of the incident X-rays, then the axis of 

symmetry of the Bragg peaks will line up with the entry point of the incident X-ray 

on the film.

Fig. 20. Laue X-ray diffraction pattern for the oriented (HO) plane of W crystal.
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Polishing

After the surface plane is oriented, the rough sample surface is 

mechanically polished to obtain a smooth and undamaged surface. The 

goniometer in Fig. 19 will keep the correct orientation of the surface plane relative 

to the grinding surface. The polishing is done by first grinding the sample with 

coated abrasive sheets from a grit size of 220 down to 400 and 600. It is then 

finished by polishing the sample on a Buehler polishing cloth with alpha 

micropolish alumina from a size of 5 micron, down to I, 0.3 and 0.05 micron.

Cleaning

The cleaning of the metal surface is usually done by sputtering away the 

topmost layers of atoms using noble gas ion bombardment (commonly Ar+). Noble 

gas ions are produced by electron impact on gas atoms, which are admitted to the 

ion gun at pressure of ~ IO'6 Torr. The ions formed are then accelerated towards 

the sample surface by a voltage of several hundred to a few thousand volts. Since 

the ion bombardment damages the crystal surface, the bombardment must be 

followed by a thermal anneal to recrystallize the surface. It is possible that during 

this heat treatment, impurities from the bulk will again diffuse to the surface so 

th a t the ion bombardment/annealing cycle has to be repeated several times. 

Sometimes it is favorable to keep the sample at elevated temperatures during the 

ion bombardment. For example, the cleaning of Al in this work was done by ion 

bombardment with the sample at a temperature of 600 0C.

For the refractory metals, such as Nb and W, the cleaning can be done by 

simply heating the sample up to 2200 0C. At this temperature the impurities on 

the surface are flashed off. The C and S contaminants on the sample are easily 

oxidized away with O2 at elevated temperature. And because some impurities
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quite often dissolve into the bulk at elevated temperatures and segregate back to the 

surface upon cooling, it is frequently necessary to repeat the oxidation-heating 

cycles several times. The heating can be done by resistive heating or electron, 

beam heating. It is necessary for the sample to be thin enough to easily obtain the 

high temperatures required for cleaning, and for quick cooling back to room 

temperature.

The cleanness of the sample can always be checked by AES, XPS, LEED and

HEIS.

Film Deposition

For the deposition of thin metallic films, Pd on Al (chapter 3) and Ni on W 

(chapter 6), vapor deposition is used. The Pd is evaporated by heating the Pd wire 

wrapped around a W filament. The Ni is evaporated by resistive heating of a short 

2 strand Ni wire. The evaporation rate can be regulated by controlling the current 

passing through the tungsten or nickel wire. The evaporators are far enough 

away from sample so that a uniform deposition of films on the sample is obtained. 

The amount of deposited material is measured using XPS and RBS.
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CHAPTERS

ELECTRONIC STRUCTURE AND CHEMISORPTION PROPERTIES 

OF THIN PD FILMS ON THE AL(IlO) SURFACE*

Introduction

During the past decade much effort has been devoted to the study of the 

electronic structure of thin metal overlayers deposited on another metal surface. It 

has been shown that the structure of the deposited thin layers differs considerably 

from that of the bulk overlayer material due to interaction with the substrate.1"3’48 

To date, much work has been done on bimetallic systems in which both the 

adsorbate and substrate have d electrons near the Fermi energy Ep. Studies of the 

electronic structure frequently indicate tha t atomic-like states of the adsorbate 

exist for low-coverage films, and th a t the chemisorption properties strongly 

depend on the overlayer thickness.1’3’4 As an example, in the PdZAu(Ill)1 system, 

the Pd atomic-like state lies 1.6 eV below Ep and the Pd monolayer is inert with 

respect to CO chemisorption, while three or more Pd layers readily chemisorb CO.

In this chapter, we present the results of photoemission studies of 

epitaxially grown Pd overlayers on the Al(IlO) surface, and the influence of 

chemisorption on this system. We have chosen Al as the substrate because in this
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case there are no d states below Ep, but only the nearly-free-electron sp band. 

Since very little work has been reported for such thin film systems with simple 

metal substrates, we believe that this work serves as an excellent complement 

with results for Pd on noble and transition metals, such as PdZAu(Ill). In this 

work, we use Auger electron spectroscopy (AES), low-energy electron diffraction 

(LEED), and ultraviolet photoelectron spectroscopy (UPS) to investigate the 

electronic structure of the Pd overlayers. A relatively deep level with a binding 

energy of 4.8 eV is observed for a very th in  Pd layer and is attributed to a Pd 

atomic-like 4d state. The evolution of this atomic state into a Pd band structure 

with increasing coverage is also observed. The Pd band structure begins to develop 

a t an equivalent coverage of 2.5 monolayers, which is similar to other 

systems. It is observed that the multilayer (>3 ML) Pd films chemisorb CO

while submonolayer films show no evidence of CO chemisorption. In this chapter 

we also apply the Anderson adatom model to characterize the interaction between 

adatom and substrate at low coverage and make a  brief comparison with Pd films 

on other metallic substrates.

Experimental Details

The experiments were performed in an UHV system with a base pressure 

of IxlO"10 Torr as described in chapter 2. The photoelectrons were excited by a He 

discharge lamp with photon energies of 21.2 and 40.8 eV and analyzed by the PHI 

model 15-255 double-pass cylindrical m irror analyzer (CMA). The unpolarized 

light was incident about 45° away from the sample surface normal and 

perpendicular to the CMA axis.
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An Al single crystal was prepared initially by mechanical polishing and 

was oriented to within 2° of the (HO) plane. It was then mounted onto a sample 

holder with integral button heater and cleaned in situ  by 0.5-2 kV Ar+ 

bombardment at room temperature for 1-2 h, depending on the condition of the Al, 

and again at a temperature of about 600 0C for 1-2 h. Following the sputtering, the 

sample was annealed for 5 min at 450 0C and cooled down to room temperature. 

The tem perature was measured with a Chromel-Alumel thermocouple and was 

checked by an infrared pyrometer. The surface contamination and order of the 

Al(IlO) surface were checked by AES, LEED and UPS. The coverage of oxygen, the 

main contaminate of the Al, was estimated to be <0.01 monolayer (ML). LEED 

showed a sharp Ix l pattern.

The palladium was vapor deposited onto the Al(IlO) surface at room 

tem perature from a Pd source with the Pd (99.9975% purity) loosely wrapped 

around a tungsten filament. During the evaporation, the chamber pressure was 

below 8x10" 10 Torr. The amounts of Pd were monitored with a water-cooled 

quartz-crystal oscillator (QCO). The QCO results were used as a rough indicator of 

the film thickness and the deposition rate while actual film thicknesses were 

calculated from the AES data as discussed below.

Results

AES and LEED

Fig. 21 shows the peak-to-peak height of the energy differentiated Al L W  

(68-eV) and Pd MNN (330-eV) Auger emission lines as a function of film thickness 

as measured via the frequency decrease on the QCO. There are distinct breaks
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which correspond to monolayer completion.50 These results show a rapid 

attenuation of Al intensity which decreases to values below our measurement 

sensitivity at six monolayers of Pd coverage. Throughout all the film deposition, a 

(Ix l) LEED pattern  was observed although the background intensity increased. 

This suggests th a t an ordered pseudomorphic growth of Pd overlayers occurs on 

Al(IlO), similar to other thin-film systems.1"4

Pd (3 3 0  eV)

Al (68 eV)

Af (Hz)

Fig. 21. Auger intensities of Al L W  (68-eV) and Pd MNN (330-eV) emission lines 
vs. Pd coverage determined from the decrease in QCO frequency. The abrupt 
changes in slope are attributed to the completion of a monolayer.
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We were concerned that the Pd adlayer would diffuse into the Al since Al is 

apparently very reactive with some metal overlayers.®1 However, we found that 

this is not the case at room temperature. Annealing a 0.6-ML film at .150 0C did not 

significantly alter the intensity of the Al and Pd Auger emission, nor the intensity 

and peak position of the Pd binding level in UPS. When annealed at 200 0C, 

however, the intensities changed drastically, with the Al Auger intensity 

increasing while the Pd intensity decreased. The intensity of the Pd binding level 

in UPS also showed a large attenuation. These changes are presumably due to the 

diffusion of Pd into the Al substrate at that temperature. Thus we concluded that 

Pd diffusion into Al(IlO) at room temperature is negligible.

The lattice constant of bulk Pd (fcc,3.89A) is only 4% smaller than that of 

bulk Al (fcc,4.06A). Thus the AES and LEED results stated above suggest that an 

epitaxial layer of Pd grows on Al(IlO) in a layer-by-layer mode'1® (Frank-van der 

Merwe). Frick and Jacobi4® have reported initial epitaxy for Ag and Pd film 

growth on A l( lll) , but in Stranski-Krastanov mode, while Egelhoff®2 observed an 

epitaxial Ag overlayer on Al(IOO) with layer-by-layer growth.

For PdZAl(IlO), the thicknesses of the Pd overlayers were calculated from 

the AES spectra assuming layer-by-layer growth.4® The mean free paths were 

taken to be 7 and 4A for Pd (330eV) and Al (68eV), respectively.53 The results are 

in quite good agreement with the breaks in Fig. 21.

Photoemission

Fig. 22 shows the evolution of the photoelectron spectrum of the valence 

bands for increasing Pd coverage on the Al(IlO) surface at a photon energy of 

40.8eV. The coverage of Pd is in thickness units of ML’s with I ML= 1.43A. The 

nearly free-electron valence band of A l has a low emission intensity which is
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Fig. 22. The evolution of the photoemission spectrum of the valence band of Pd 
overlayers on Al(IlO) as a function of Pd coverage.
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shown as the bottom curve expanded by a factor of 4. The fairly flat spectrum of 

clean A l serves as a good background on which to monitor the development of Pd 

energy bands. At low Pd coverage, a narrow Gaussian-Iike emission feature 

appears with strong intensity a t 4.8 eV below the Fermi energy, and sits directly 

on top of the A l sp band. The very thin (0.2 ML) Pd film is characterized by a peak 

with a binding energy of 4.8 eV and half-width of 1.5 eV. This relatively deep bound 

level remains harrow, and shifts towards the Fermi level in a linear way with 

increasing Pd coverage, to a binding energy of 3.8 eV at 2.5 ML. Additional 

deposition of Pd causes the d states to broaden and shift sufficiently to reach the 

Fermi level. The d states at Ep are assumed to have an important role in CO 

chemisorption on the thin Pd films, similar to the PdZNb(IlO) and PdZAu(Ill) 

systems. Eventually a thick Pd film is formed with a valence band similar to bulk 

Pd. At low coverage, our angle-integrated UPS results do not show an increased 

intensity at the Fermi edge, in contrast to the angle-resolved UPS result for Pd on 

A l( I l l)  published by Frick and Jacobi. But the observation of the deep binding 

level seems to be consistent with the peak they observed at -4.0 eV for a 0.7 ML Pd 

film. Our UPS results for the Pd overlayers using a photon energy of 21.2 eV 

exhibit features similar to the ones discussed above for 40.8 eV.

The variation of work function § with coverage was also measured in this 

experiment. The work function increase of 1.3 eV in going from the clean Al 

surface to 10 ML Pd is in good agreement with published results.54 The work 

function was determined using the width of the photoemission spectrum.

Chemisorption

As a s ta r t we expose the clean Al(IlO) surface to oxygen. The 

photoemission results are shown in Fig. 23. The low emission intensity of clean
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Amount of 
exposure

40 L O

I L Og x4

Clean Al(IlO) x4

Binding Energy (eV) Ef

Fig. 23. Photoemission spectra of Al(IlO) after exposure to oxygen (ho = 40.8 eV).

Al is shown (bottom curve) multiplied by a factor of 4. As soon as the surface is 

exposed to oxygen, even at small exposures (I L, I L = IxlO '6 Torr.sec), a 

remarkable increase of the emission intensity at the region between -12 eV and -6 

eV below Ep is observed. These emission peaks originate from the states of O 2p 

orbitals.66'66 The emission intensity keeps growing with increasing oxygen 

exposure until a saturation occurs at an exposure of 40 L. While the O 2p intensity 

grows the emission intensity near Ep is attenuated. In early studies of the O-Al 

interaction it was estimated that the oxygen atoms chemisorbed on the A l(Ill) 

surface form a monolayer at an exposure of about 50 L.66'6? Thus we estimate that
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the oxygen contamination on our clean Al(IlO) surface , if any, is less than 0.01 

ML. When the Al(IlO) surface is exposed to oxygen, it is also found that the work 

function decreases continuously. The decrease of the work function relative to the 

value for clean Al(IlO) reaches 0.85 eV when the surface is exposed to 150 L, and 

then saturates.

hy = 40.8 eV

+ I O L O

+ 5 L Og

115 L CO

5 L CO

' 1.25 ML PdZAl(IlO)

Binding Energy (eV) g r

Fig. 24. Photoemission spectra of a 1.25 ML Pd film on Al(IlO) surface after CO 
exposures, followed by oxygen exposures.
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2 0  L CO

5<r + It

5  L CO -IU eV - 8 . 0  eV

3 .6  ML Pd on Al (HO)

AIEDC hy = 4 0 .8  eV
CO EXPOSURE TO 3 .6  ML Pd on Al (HO)
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Fig. 25. Photoemission spectra of a 3.6 ML Pd film on Al(IlO) after CO exposures.

In order to study the reactivity of CO with the Pd thin film, we did CO and 

O2 exposures on a few Pd thin films of various thickness. Shown in Figures 24, 25 

and 26 are the photoemission results for CO adsorption on 1.25 ML, 3.6 ML and 10 

ML Pd films, respectively. In Fig. 24 the 1.25 ML Pd film is exposed to 5 L CO,
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followed by a number of additional CO exposures (total 115 L), and by an oxygen 

exposure. The CO exposure results in a small increase of emission at the energy 

region of the O 2p emission, and a small decrease of the Pd 4d emission peak at the 

binding energy of 4.2 eV. The oxygen exposure after the CO exposure shows that 

the effect of CO exposure is equivalent to a small amount of oxygen exposure. The 

CO probably dissociated into individual C and O before O is adsorbed onto the 

monolayer film. We also did exposures of CO and O2 on a 2.5 ML Pd film; similar 

results were observed. An exposure of CO on a 1.8 ML film also showed no 

evidence of CO adsorption.

-10 -5
Binding Energy (eV)

0

Fig. 26. Photoemission spectra of a 10 ML Pd film on Al(IlO) after CO exposures.
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Fig. 25 shows remarkably different results for CO adsorption on a thicker 

film. A 5 L CO exposure on this 3.6 ML Pd film gives rise to two distinct emission 

peaks in the UPS spectrum at the energies of 11.1 eV and 8.0 eV below the Fermi 

level, respectively. These two emission peaks are attributed to the characteristic 

emission of the chemisorbed CO molecular orbitals,58 namely the 4a state at 11.1 

eV and the 5a+I tc state at 8.0 eV below Ep. It is also observed that 5 L of CO is 

enough to saturate the surface, sim ilar to the Pd/Nb(110)59 and PtZNb(IlO)^S 

systems. After 20 L of CO exposure, we did an exposure of 5 L Og on this surface. 

No noticeable change was observed in the UPS spectrum, that is, it does not show 

any enhanced emission induced by oxygen as seen for the monolayer film of Fig. 

24. We also did CO exposures on a 10 ML Pd film. As shown in Fig. 26, it is 

observed that emission from CO molecular orbitals readily occurs at an exposure 

of I L. The orbitals are located at binding energies of 10.8 eV for the 4a state, and 

7.9 eV for the 5a+I tl state below Ep, somewhat smaller than the values for the 3.6 

ML film. Right after CO exposure (I L) we observed a 0.6 eV increase of work 

function relative to the value for the 10 ML film. This 0.6 eV increase held 

constant for additional CO exposures.

Discussion

Studies of the early stages of thin-film deposition are of importance for 

understanding the interaction between adlayer and substrate. The single deep- 

bound level centered at 4.8 eV below Ep for thin Pd films on Al(IlO) is attributed to 

Pd atomic-like 4d states. Similar results have been reported for dilute Pd alloys,60 

but our AES and LEED results suggest th a t no interdiffusion of Pd has occurred.
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In Table I we list the binding energies for the center of the Pd d band for thin Pd 

layers on various substrates. In an attem pt to better understand the adlayer- 

substrate interaction we have applied the Anderson adatom model64-65 to the data 

of Table I. As shown in Fig. 27, the adatom is characterized by the ionization 

potential Vi or ea with respect to the substrate Fermi level. As the adatom is 

brought into contact with the substrate, the atomic level is shifted from -ea to -ea+A 

by the interaction between adatom and substrate. A is the level shift resulting 

from the off-diagonal matrix elements Vak =<a IH I k;n>, in which adatom state 

I a> is coupled to substrate states I k;n> via some interaction potential H. 

Following the work of Gadzuk,64

Table I shows that a small A is observed for Pd adatoms on Al(IlO) with 

successively larger values of A for the transition metals (Nb,W,Ta) and noble 

metals (Ag,Au,Cu). In the adatom picture this trend is attributed to increasing 

values of the overlap integral. There are several factors which could affect the 

overlap, such as the Pd-substrate spacing or the spatial extent of the substrate sp 

or d orbitals. In a charge transfer model, we can understand the increase in A as 

due to increased screening of the localized Pd vacancy following photoexcitation. 

In such a picture we would conclude that for Pd on Al(IlO) there is very little 

charge transfer, leaving the Pd level relatively unperturbed as compared with the 

atomic level. In this respect we would conclude that the Pd monolayer is behaving

(16)

where P denotes a principle part integral and

A,(e) = !t5:|Vak|25 (e -e t ) (17)
k
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as a free or nearly unsupported monolayer. At any rate it appears that the 

substrate-overlayer interaction for Pd on Al(IlO) is very weak.

TABLE I. Adatom level shifts (eV) for various epitaxial thin-film systems.a

Thin film 

system

Substrate work 

function

Measured 

-Ga + A

Level shift 

A

Ref. for 

-Ga + A

Pd on Al(IlO) b 4.2 . -4.8 -0.7 This work

Pd on Nb(IlO)0 4.0 -3.0 1.3 4

Pd on W(IlO)C 4.5 -2.5 1.3 61

Pd on Ta(110)b 4.1 -2.5 1.7 62

Pd on Ag(100)c 4.6 -1.7 2.3 2

Pd on A u(lll)b 4.3 -1.6 2.4 I

Pd on Cu(IOO)C 4.4 -1.3 2.6 63

a For Pd, the ionization potential Vi = 8.3 eV is used, 

b Angle integrated UPS. 

c Angle resolved UPS.

A second somewhat surprising result is that nearly three layers of Pd are 

required before much broadening of the d states begins to occur. One might expect 

considerable broadening to set in at two monolayers as the Pd d electrons are close 

enough to interact. For Pd on Au and Nb, the chemisorption of CO and 

broadening of the d states began with the deposition of the second layer. However, 

in the study of the evolution of Pd surface states on Nb,66 it was observed that three 

layers of Pd were needed to develop a particular Pd surface state, suggesting that
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some properties of the adlayer may still be evolving with the second and third 

layers. In this respect, additional study is needed to understand the modification 

of thin-film electronic structure.

a

b

Fig. 27. Anderson adatom model, (a) The adatom is characterized by the 
ionization potential Vj w.r.t. the vacuum level, or ea w.r.t. the Fermi level (with ej 
if there is a substrate d band), (b) As the adatom is brought into contact with the 
substrate, the atomic level is shifted from -ea to -Ea  + A, with full width 2Aa due to 
the interaction between the adatom and substrate.

The results of CO adsorption on Pd films confirm that the Pd overlayer 

begins to evolve into bulk-like Pd at the coverage of about 2.5 ML. The monolayer 

Pd film shows more activity for oxygen adsorption than for CO adsorption because
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the Al substrate is very reactive with chemisorbed O2. With less than 2 ML 

coverage of Pd, the oxygen atoms can still interact with the Al atoms directly. 

Thus the emission of O 2p orbitals in the UPS spectrum is readily observed for the 

monolayer film. For the 2.5 ML Pd film, we still observe the effect of O2 adsorption. 

It is known that O2 adsorption on bulk Pd is inhibited. For the 3.6 ML Pd film, the 

Pd overlayer then prevents the oxygen from interaction with the Al substrate so 

that we do not observe the effect of O2 adsorption.

For Pd films of less than 2.5 ML of coverage the Pd-derived d states are 

localized far below the Fermi level such that there are no Pd d states near Ep. It is 

believed that having Pd d states near Ep is important for CO chemisorption on Pd 

films, such as in the PdZNb(IlO)^, PdZTa(IlO)^ and PdZAu(Ill)I systems. Because 

of the missing Pd 4d states at the Fermi level, the 2% back-donation,67,68 which is 

essential for CO bonding, is inhibited. Therefore the results of CO exposure on the 

1.25 ML, 1.8 ML and 2.5 ML Pd films show no sign of CO adsorption on the film, as 

expected, because Al does not chemisorb CO. Above 2.5 ML of Pd coverage, the Pd 

4d states begin to evolve into the bulk-like Pd band structure and there is more and 

more Pd 4d character near Ep. And above this coverage, CO chemisorption on the 

Pd film begins. In Fig. 25, it is also shown that for the 3.6 ML Pd film the emission 

intensity of Pd 4d states near Ep is attenuated upon CO adsorption. This result is 

also in agreement with the result that the electron state density at the Fermi level 

is necessary for CO bonding. A film with more than 3.6 ML of Pd coverage readily 

chemisorbs CO, as we have shown for the 10 ML film. For the 10 ML Pd film, the 

increase of the work function upon CO adsorption is very similar to the CO 

induced change of work function on bulk Pd.



Conclusion

AES, LEED, and UPS have been used to study the growth of Pd overlayers 

on the Al(IlO) surface. It was observed that Pd deposited on Al(IlO) grows 

epitaxially in a layer-by-layer mode. The UPS results for the very thin Pd film 

show a narrow bound level 4.8 eV below Ep, which is assumed to be the Pd 4d 

atomic state. In contrast to other systems, it is found tha t the interaction between 

the Pd thin layer and the Al substrate is weak, the film behaves almost as an 

unsupported monolayer. The formation of the Pd band structure begins at about 3 

ML of coverage where the Pd-Pd interaction becomes important. The development 

of Pd d states near Ep at a coverage of three or more monolayers coincides with the 

onset of CO chemisorption. Measurement of the level shift and width during early 

thin-film deposition provides a means to study the interaction between adlayer and 

substrate, but more quantitative theoretical calculation is needed. *

* This chapter is partly based on the published paper in J. Vac. Sci. Technol., A 6 

(3), May/Jun 1988, entitled "Electronic structure of Pd thin films on the Al(IlO) 

surfaces", by Xu Mingde and R. J. Smith
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CHAPTER 4

ION SCATTERING STUDIES OF CLEAN NB(IlO) SURFACES 

BEFORE AND AFTER EXPOSURE TO HYDROGEN*

Introduction

The mechanism of hydrogen uptake on various transition metal surfaces 

continues to be of interest. In particular, understanding the behavior of H on Nb 

surfaces challenges our understanding because of the novel, reversible 

temperature-dependent properties seen in photoemission (PES) and high- 

resolution electron-energy-loss spectroscopy (HREELS). The ion scattering 

investigations described here were carried out to better define the nature of the H- 

Nb surface reaction.

Early photoemission measurements for H on Nb(IlO) surfaces showed 

various H-induced bonding orbitals for which the emission intensity saturated at 

relatively small Hg exposures^ ( < 10 L where I L =  1x10  ̂Torr-sec). Of greater 

interest was the observation that these photoemission peaks decreased in 

amplitude with increasing sample temperature, but reappeared in a reversible
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manner upon sample cooling, provided the sample temperature remained below 

600 K. This reversible behavior was subsequently confirmed for H on Nb(IOO) 

surfaces both in photoemission^O and HREELS71 experiments. Additional 

photoemission and resistivity measurements were made over a large range of 

tem peratures in an attem pt to understand the connection between surface 

adsorption and bulk uptake of H.72

Early attempts to explain the kinetics of this system using the so-called 

dilute phase model (DPM) were unsuccessful in explaining the rapid saturation of 

surface H as measured by PES, but did explain the bulk uptake. 73 A two-state 

model was proposed to explain the PES data but did not address the bulk uptake of 

H.74 An important ingredient missing from the DPM was the existence at room 

temperature of a high concentration of H near the surface which was not in 

equilibrium with the small bulk concentration. A "surface hydride" model72 was 

proposed in which the high surface concentration existed in the form of a two- 

dimensional hydride-like phase. This phase develops quickly a t room temperature 

giving rise to an exponential growth of the H-derived PES signal. Subsequent bulk 

absorption occurs more slowly because the H molecules must dissociate and then 

diffuse through the hydride layer.

At about the same time, theoretical support appeared for the existence of H 

bonding just below the surface layer of Nb.7^ 7G It was shown tha t a subsurface 

potential well exists that is nearly twice the depth of the surface chemisorption 

well. Thus there is a tendency for H to rapidly populate this subsurface state, 

which subsequently blocks H absorption into the bulk. However, the application of 

this subsurface bonding model to the PES results was the subject of some 

controversy,77.78 primarily because it was not clear whether the PES experiment 

was measuring H in the surface or subsurface state. If PES measures primarily
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H in the surface state, then as the sample is heated the H may jump to the 

subsurface state, a t which point it  m ust have a vanishingly small photoelectric 

cross section. On the other hand, H in the subsurface state is strongly bound only 

one layer below the surface and should be visible in photoemission. Then PES 

must measure some average occupancy of the surface and subsurface states.

This controversy concerning the Nb-H system was apparently resolved by 

HREELS da ta?! which was interpreted as showing that the H seen in PES 

experiments during the early adsorption regime ( a few L exposure) occupies 

subsurface, tetrahedral sites very much like NbH. Then, as pointed out by Dienes 

et al.??, if  photoemission measures only the subsurface sites, it may be possible to 

explain both the surface coverage and bulk uptake kinetics satisfactorily using the 

subsurface-bonding model. Then the surface-hydride and the subsurface-bonding 

models are for all practical purposes the same. The measurements reported here 

lend support to the surface hydride model.

We have carried out high-energy ion scattering (HEIS) measurements on 

Nb(IlO) both for the clean surface and for this surface exposed to Hg. Our intent 

was to look for any changes in the Nb surface structure as H was introduced to the 

system. For the clean surface good agreement between experiment and computer 

simulations is obtained for a surface structure having negligible enhancement of 

surface-atom vibration amplitudes and no relaxation. Substantial correlations. 

between neighboring atomic displacements in the bulk are required. As the 

surface is exposed to Hg, the Nb surface peak shows an increase of about 12% for 

the initial adsorption stage ( < 20 L exposure) , and a continued nearly linear 

increase of an additional 20% for an exposure of 600 L. Computer simulations 

show good agreement with experiment at 40 L exposure if every Nb atom on the 

surface is displaced parallel to the surface by 0.11 A. For a 400 L exposure, good
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agreement with simulations is obtained using an in-plane displacement of 0.15 A 

for the top two Nb layers. Although these structural models are not unique in our 

analysis they are appealing since they closely resemble the structure expected for 

NbH.

Experiment

The HEIS experiments were carried out using the UHV ion scattering 

chamber as described in  chapter 2. For the ion scattering measurements a 

collimated beam of He+ ions was incident on the Nb surface along various low- 

index channeling directions. The surface-barrier detector was positioned a t a 

scattering angle of 100° to collect scattered ions leaving the crystal at a grazing exit 

angle (10°). In our target chamber the detector is positioned below the ion beam to 

give a scattering plane approximately perpendicular to the floor of our laboratory. 

One rotation axis of our sample goniometer is in the scattering plane so that when 

the channeling direction is changed from a normal to an off-normal crystal axis 

using rotation, the detector remains at a fixed scattering angle with only a small 

change in the grazing exit angle relative to the sample surface. As discussed in 

chapter 2, when the incident ion beam enters an ideally terminated static bulk 

lattice along a major channeling direction, the first atom encountered along each 

string of atoms will shadow subsequent atoms along the string resulting in a 

reduced hitting probability for that string of atoms. If, however, due to thermal 

vibrations, surface relaxation, or atom reconstructions, subsequent atoms in the 

string are found outside of the shadow cone, increased backscattering will occur 

and the ion yield in  the so-called surface peak will increase. By comparing
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computer simulations and ion scattering measurements as a function of ion 

energy for various channeling geometries possible structural models for the 

surface are determined.

The Nb samples used in these experiments were cut and oriented to within 

2° of the (HO) plane. The surface was mechanically polished to a thickness of 0.2 

mm and then electropolished to remove surface damage. The sample was cleaned 

in vacuum by resistive heating up to 2300 0C as measured with an optical 

pyrometer. The quality of the surface was verified using LEED and ion 

channeling. A clear (Ixl) LEED pattern with sharp spots was observed, and the 

typical minimum yield behind the surface peak was 2.3% of the random height. 

The sample was flashed regularly to remove any contaminants and to anneal out 

any damage induced by the ion beam. The typical beam dose in a single spectrum 

was 7.1x10 *4 ions/cm^. The surface peak area was monitored as a function of dose 

to determine that several consecutive spectra could be recorded with no significant 

increase in the peak area. Experiments were performed at a pressure of 2x10 

Torr. The Hg gas was checked using a residual gas analyzer and found to contain

0.6% CO and 0.2% Og.

Results and Discussion

CleanNbfllOl

The ion yield in the Nb surface peak was measured as a function of He+ ion 

energy with the collimated beam incident (a) along the [1 10] direction, normal to 

the surface, and (b) along [T il] , 35.26° from normal. In Fig. 28 we plot the area of 

the surface peak ( filled circles) as a function of incident ion energy for the two
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(b) H e N b d IO M 1 1H

(a) H e -►  N b d IO M 1 10]
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In c id e n t Ion Energy (MeV)

Fig. 28. Measured ion yield (filled circles) as a function of incident ion energy for 
He+ ions incident on the clean Nb(IlO) surface along (a) the [110], and (b) the
[111] channeling direction. The solid curves are polynomial fits to computer 
simulations using the parameters determined for the optimal model.
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channeling directions. The sample was at room temperature. The units on the 

vertical axes (atoms/row) are obtained from the measured area of the surface 

peak (counts) by converting first to the number of atoms per unit area visible to the 

ion beam, using the known Rutherford cross section, incident ion dose, and 

calculated solid angle for the detector. The reliability of these parameters was 

checked independently by comparing measured random heights with calculated 

values. Then using the known number of atom strings per unit area for our 

crystal orientation, we convert atoms/cm2 to atoms/row visible to the ion beam (see 

Appendix A). The solid curves in Fig. 28 are the results from computer 

simulations using a single-row approximation^9 (see Appendix B) and the 

optimum structural param eters determined from an R-factor analysis as 

described below. Results from our computer simulation program were checked 

against other programs and found to give good agreement.

In comparing the measured results with computer simulations three 

adjustable parameters were considered: (I) surface atom vibration amplitudes, (2) 

bulk atom vibration amplitudes, and (3) relaxation and reconstruction 

displacements of surface atoms. We used 0.079A ( 275 K Debye temperature)^ for 

the one-dimensional bulk Nb vibration amplitude.^0 Simulations for a truncated 

ideal Nb crystal give results that are larger than the measured values. Enhanced 

vibrations and atom displacements can only increase the simulated results so we 

are forced to rely on reducing the bulk vibration amplitude. Such reductions have 

been proposed as an effective means of approximating the correlated motion of 

neighboring atoms along the string since both correlated motion and reduced 

amplitudes lead to increased shadowing and a reduced ion yield.BI Furthermore, 

measurements of ion yield as a function of incident angle near the channeling 

direction (angular scans) were symmetric about the [110] direction confirming
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the absence of any ordered reconstructive displacements parallel to the surface. 

Relaxations normal to the surface would not significantly affect the measurement 

for normal incidence. The enhanced vibrations for surface atoms were arbitrarily 

attenuated to the bulk value by using an exponential weighting function with an 

attenuation length of one (HO) interplanar spacing.

Reduction Factor (%)
98.2 96.7 95.1 93.5 91.9 90.3 88.6

0.035 0.065 0.095 0.125 0.155 0.185 0.215
Correlation Factor, S12

Fig. 29. Contour plot of the R-factor for the [110] direction as a function of 
surface enhancement and correlation coefficient (reduction factor).

In Fig. 29 we show the results of comparing computer simulations and 

experiment as a function of the remaining two parameters, enhanced surface 

atom vibration amplitude and reduced bulk vibration amplitude. The surface 

enhancement is given as a percentage enhancement relative to the reduced bulk 

amplitude used. The bottom axis is labeled as correlation coefficient, S12, and is
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related to the amplitude reduction factor, r  (top axis), by the relation S12 = 1-r2. 

Here r  is the percentage by which the bulk vibration amplitude is multiplied. The 

contours in Fig. 29 and 30 are labeled with the R-factor calculated in comparing 

simulation and experiment,

where N is the number of experimental points used, Yob^ is the measured ion 

yield and Ysim is the value calculated by simulation at each energy. The factor N- 

2 is used because there are two independent parameters being considered.^ In 

general, the contours of constant R-factor are elongated in the direction of 

increasing correlation and increasing surface enhancement, as indicated by the 

straight dashed line in the figure. This is expected since surface correlation 

effectively reduces the vibration amplitude and surface enhancement restores it. 

Thus the normal incidence data alone only specify an interdependence between 

these two parameters, although there is a definite minimum near 2% surface 

enhancement and a correlation coefficient of 0.09. The solid curve in Fig. 28(a) 

was calculated using these optimum parameters. Theoretical estimates for the 

correlation coefficient of Nb along the [1 10] direction are closer to 0.20.82 The 

behavior of the contours in Fig. 29 suggests that this larger correlation coefficient 

might be a possibility, but only if we also have surface enhancements greater than 

30%, with significantly worse agreement.

Results for channeling along the [ i l l ]  direction on clean Nb(IlO) are 

shown in Fig. 28(b) (filled circles) together with a simulation (solid curve) for the 

optimum parameters as determined in Fig. 30(a). Again, only the two parameters 

of surface enhancement and correlated vibrations were considered in calculating 

the R-factor, and again elongated contours are seen. If we use the value of zero

i=l
(18)
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Fig. 30. Contour plot of the R-factor for [ i l l ]  direction, (a) without relaxation, 
(b) with an inward surface relaxation of 3.6%.
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surface enhancement as determined from the [110] data, we then conclude that 

the correlation coefficient along the [111] direction is about 0.37, in quite good 

agreement with the calculated value of 0.32 at 300 K.82 However, for this off- 

normal direction we must also consider relaxation normal to the surface, for 

which there is a theoretical prediction of an inward relaxation of 3.6% of the 

in terp lanar spacing.2** We compared our results with simulations having 

various amounts of relaxation and the results are shown in Fig. 30(b) for the case 

of 3.6%. It can be seen that the increased yield due to the relaxation forces us to 

use correlation coefficients greater than 0.44, depending on the amount of surface 

enhancement included. Since this value for S12 seems excessively large we tend to 

believe at this point that the vertical relaxation is much smaller than 3.6% and 

perhaps negligible. We did not consider in detail the effect of anisotropic surface 

enhancement, that is, more enhancement along the normal direction than in the 

plane of the surface.83 However, from the general behavior of the contours shown 

in Fig. 29 and 30 it is clear that any enhanced vibrations normal to the surface 

would have the same effect as the vertical relaxation of Fig. 30(b), that is, a 

requirement to use larger correlation coefficients.

In summary, we conclude tha t the clean Nb(IlO) surface atoms have 

negligible surface enhancement in their vibrations, and occupy their ideal bulk 

positions with negligible relaxation of the top plane. There appears to be strong 

correlation along the nearest-neighbor direction in agreement with calculations 

based on experimental phonon frequency distributions.82

Nb(HO) + Ho

In Fig. 31 we plot the Nb surface peak area as a function of exposure to H2 

for 0.96 MeV He+ ions incident along the [110] direction normal to the surface.
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There are two stages of reaction: (I) below about 20 L exposure during which time 

the peak area increases by about 12%; (2) above 20 L during which time the peak 

area increases by an additional 20% for exposures up to 600 L. The inset shows 

more detail of the low exposure regime. There may be a saturation period from 20 

L to about 50 L before the increase resumes. The solid curve in Fig. 31 is only 

provided to guide the eye and does not represent an optimum fit to the measured 

points. We believe that these two regimes correlate closely with the rapid initial 

saturation of the H induced orbitals in and the onset of a slow increase in

the bulk resistivity as H is absorbed into the b u lk ^  at room temperature. Thus we 

looked at the ion energy dependence for two cases, a 40 L and a 400 L exposure.

3.0

H e*-*- NbOlOMHO] 
E = 0 .9 6  MeV

2 .0
0  10 20 30 40 60

Hydrogen (L)
2.0

O 100 200 300 400 500 600
H2 Exposure (L)

Fig. 31. The Nb ion yield (filled circles) as a function of hydrogen exposure ( IL  =
lx 10"G Torr.sec) for 0.96 MeV He+ ions incident along the [110] direction of 
Nb(IlO).
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(b) 4 0 0  L H2ZNb(HO)

(a) 4 0  L H 2ZNb(HO)
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Fig. 32. Measured ion yield (filled circles) as a function of incident ion energy for
He+ ions incident on the Nb(IlO) surface along the [110] for the surface exposed to 
(a) 40 L and (b) 400L of Hg. The solid curves are polynomial fits to computer 
simulations as described in the text.
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He —► Nb(IK)HIIO] 
E=IO MeV

Displacement (A)

Fig. 33. Calculated ion yield (1.0 MeV) for a single string of Nb atoms as a 
function of displacement perpendicular to the [110] string for the first atom only.

Fig. 32 shows the energy dependence of the Nb surface peak area (filled 

circles) for channeling along the surface normal of Nb(IlO). The solid curves are 

the results of computer simulations as described below. We focus initially on the 

results of Fig. 32(a) for the 40 L exposure. A limited R factor analysis was carried 

out similar to that done for the clean surface. We were guided by the observation 

that the symmetry and spot separation of the LEED pattern  does not change 

significantly during the exposure to We thus believe that any

reconstructions parallel to the surface must be small. We kept the same value for 

the bulk correlation coefficient as determined for the clean surface. We then 

considered small displacements parallel to the surface and enhanced surface 

atom vibrations as possibly responsible for the 12% increase of the surface peak 

area in this initial adsorption stage. In Fig. 33 we plot the increase in ion yield for
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a single row of atoms as a function of atom displacement perpendicular to the row 

for the first atom in the row. We see that a O llA  displacement increases the ion 

yield by about 24%. Since only half of the rows terminate on the (HO) surface, a 

displacement of O.llA for the atoms in the top layer will increase the total ion yield 

by about 12% as seen in Fig. 31. The solid curves in Fig. 32(a) are for simulations 

with only the top layer atoms displaced by the indicated distances (A). A 

displacement of O.llA is in reasonable agreement with the predictions of a first- 

principals calculation by Ho et al®4 for Nb hydride (NbH) and with the 

experimental value of 3.46 A listed therein. That is, if  the top layer of Nb(IlO) 

expands by less than 5% it can take on the structure of the hydride. Our value of 

O.llA represents a 3% expansion within the first layer which might not be noticed 

in a casual inspection of the LEED pattern. We also analyzed a more limited data 

set, not shown here, collected with the ion beam incident along [ i l l ] ,  for Nb(IlO)
o

+ 50 L Hg. The results give a minimum R factor for a displacement of 0.08A 

parallel to the surface, in good agreement with our results for [1 10].

In Fig. 32(b) we show the energy dependence of the ion yield in the surface 

peak for an Hg exposure of 400 L. The solid curves are the results of computer 

simulations with both the first and second-layer atoms displaced by the indicated 

distance (A), that is, the top atom in every row has been displaced perpendicular 

to the row. This would be consistent with the formation of a hydride-like layer at 

the surface as proposed.'''^

On the other hand, the increase of the surface peak area with hydrogen 

exposure can also result from an increase of the vibration amplitude for the 

surface Nb atoms. We found that the surface enhancement for the clean surface 

was approximately zero. An enhancement of 30% is sufficient to generate a good 

fit to the data shown in Fig. 32(a) for the 40 L Hg exposure. A much larger
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enhancement would be needed for the 400 L exposure. It is certainly possible that 

some combination of surface enhancement and atomic displacement is occurring 

as a function of hydrogen exposure, but our data set is not sufficient to determine 

so many parameters.

Finally, we note that the slow increase in the surface peak area observed for 

exposures above 50 L may be the result of impurities in our hydrogen gas. To 

check this possibility we exposed the clean Nb surface to O2, and observed that the 

peak area increased by about 20% following a 6 L exposure. Thus with a 1% 

oxygen impurity in our hydrogen source, the 600 L Hg exposure could provide 

sufficient oxygen to completely account for the surface peak increase measured 

above 50 L exposure in Fig. 31. For this reason we have focused more on the initial 

adsorption regime during which exposure any impurities in the hydrogen source 

would have a negligible effect.

In summary, we observe two stages in the reaction of Hg with the clean 

Nb(IlO) surface. For exposures below 20 L, comparisons of experimental results 

with simulations suggest that atoms in the topmost plane are displaced by 0.11 A, 

or have a sm aller displacement with some enhancement of their vibration 

amplitude by up to 30%. A model in which the atoms have such displacements is 

in  good agreem ent with the surface hydride model proposed to explain 

photoemission experiments. For exposures above 50 L a gradual increase of the 

surface peak area is seen which is consistent with a model in which the surface 

hydride grows inward from the surface. *

* This chapter is based on the published paper in J. Vac. Sci. Technol., A6(3), 

May/June 1990 issue with the same title, by Xu Mingde, C. N. Whang and R. J. 

Smith.
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CHAPTERS

CLEAN W(IlO) AND HYDROGEN ADSORPTION ON W(IlO)

Introduction

Surface reconstruction of metal surfaces, especially the reconstruction 

induced by adsorbates has been an intriguing topic in the field of surface science. . 

Among many examples of adsorbate-induced reconstruction the hydrogen- 

induced reconstruction of metal surfaces seems very challenging.^^ A few 

systems with recognized H-induced reconstruction are H/Ni(110),30.31 H/W(100)32- 

34 and HZMo(IOO)^S. A few years ago P. J. Estrup et al35>36 observed that W(IlO) 

also undergoes a reconstruction induced by the adsorption of hydrogen above some 

critical H coverage. It is believed that the structural change consists of a lateral 

displacement of the top layer W atoms relative to the second layer along the [110] 

direction parallel to the surface. It is important that a study of this system using 

the high energy ion scattering (HEIS) technique be carried out to determine the 

structural change caused by the adsorption of hydrogen.

A study of the clean surface of W(IlO) using HEIS was carried out prior to 

the study of the HZW(IlO) and NiZW(IlO) systems (see chapter 6). The results show
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that the clean W(IlO) surface at room temperature is unreconstructed and has 

negligible surface relaxation, but they do not show the large anisotropy in the 

therm al vibration amplitude for surface atoms reported in a previous study. 83 

Hydrogen adsorption on this W(IlO) surface causes a surface structural change 

which can be described as either enhancing the surface W atomic vibration 

amplitude or displacing the surface W atoms relative to the bulk. The results also 

suggest that any displacements of the surface W atoms occur with equal numbers 

of left-shifted and right-shifted domains, in contrast to the interpretation that W 

atoms undergo unidirectional shifts as reported by Estrup et al.35

Experiment

The experiments were performed in the UHV ion scattering chamber as 

described in chapter 2. The experimental procedures are similar to those used for 

the Nb(IlO) substrate in the previous chapter. The W(IlO) surface was oriented 

and polished to a thickness of 0.25 mm. It was cleaned in situ by electron beam 

heating up to 2300 0C. The cleanliness of the surface was checked by XPS and 

HEIS. A (Ixl) LEED pattern for the clean W(HO) surface was observed as shown 

in Fig. 34. The LEED is distorted because of the low quality of the LEED optics 

used in this chamber. But it  is clear th a t the spots constitute the (Ixl) LEED 

pattern (also shown in Fig. 34).

The high energy ion channeling spectra were taken a t a He+ scattering 

angle of 105°. As usual the area of surface peak (SP) is converted to the number of 

atoms per row which in fact is the number of atoms visible to the incident beam 

for one atomic row parallel to the incident ion beam direction.
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I lS;

(a)

Fig. 34. Ix l LEED pattern for clean W(IlO) surface: (a) picture of the LEED 
pattern, (b) schematic of the LEED pattern.
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Results and Discussion

Clean W(IlO)

Fig. 35 shows the measured W surface peak as a function of incident He+ 

ion energy. The filled circles are the experimental results for the collimated ion 

beam incident along the [110] direction, i.e., normal to the W(IlO) surface. The 

open circle and the filled square are the results for the ion beam incident along the 

[100] direction, 45° off normal, and the [111] direction, 35.26° off normal, 

respectively. The solid curves are the simulation results with the optimal 

structural parameters as discussed below.

Again the Monte Carlo computer simulation program using the single-row 

approximation41*43 was used to calculate the close encounter probability for ions 

with atoms along the row. For normal incidence two non-equivalent rows was 

considered separately and the results were then combined. In the calculations 

various physical quantities may be considered as the input parameters. The 

sim ulation resu lts  for these param eters were then compared with the 

experimental results. The comparison was done by evaluating the R-factor as 

given in Eq. (18). A small value for R indicates good agreement between the 

theoretical simulation and the experimental results. Then the parameters which 

lead to a minimum value for R determine the structure. Since the clean W(IlO) 

surface shows no sign of surface reconstruction (also see below), that is, no 

surface atom displacements parallel to the surface plane relative to the terminated 

bulk structure, and since displacements normal to the surface do not alter the SP 

when the ion beam is incident along the normal direction, the only two
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parameters which need to be considered for normally incident ions are (a) the 

enhancement of surface atom vibration amplitudes, and (b) the correlation 

between vibrating bulk atoms along this crystal axis. In the simulation the 

correlation of the bulk atoms can be well approximated by a reduction of the bulk 

vibration amplitude.® ̂  The one-dimensional bulk vibration amplitude used is 

0.0495 A, corresponding to a Debye temperature of 310 K for the tungsten crystal. 
The reduction factor, r (0<r<l), and the correlation factor, S12 are related by r=(l- 

S i 2)1/2 which has proved to be a good approximation for several metal

crystals.
O

0.4 0.6 0.8
Incident Ion Energy (MeV)

Fig. 35. The measured W SP as a function of ion energy for the ions incident along the
[1 1 0 ] (the filled circles), the [ 100] (the open circles) and [ 111] (the filled squares) 
direction of W(IlO) surface, respectively. The solid curves are the computer 
simulations with the optimal parameters as described in the text.
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Fig. 36. Contour plot of the R-factor for the [110] direction.
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Fig. 37. Angular dependent W SP for clean W(IlO).
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Fig. 36 shows contours of constant R-factor for normal incidence as a 

function of the two parameters described above. Since the enhancement of 

surface atom vibration amplitude increases the SP, while a more correlated bulk 

vibration amplitude reduces it, it can be seen that these two parameters have a 

compensating effect and the minimum of R lies along the diagonal dashed line. 

The fit for the [110] direction in Fig. 35 (the bottom curve) is a t 30% surface 

enhancement (SE) and zero correlation. One reason that these numbers are 

chosen is that 30% enhancement in the vibration amplitude of surface atoms 

corresponds to a surface Debye temperature of 240 K. A calculation of the surface 

Debye temperature by Jackson^ gives a result of 260 K. The other reason is that 

simulation results for the SP measured over a small rotation angle with a SE of 

30% tend to agree better with the experiment, as shown in Fig. 37. In the 

experiment the zero angle is determined by finding the angle at which the bulk 

dechanneling has a minimum ion yield. This rotation angle is the angle between 

the incident beam and the [110] channeling direction measured in the (HO) 

plane as shown in Fig. 38(b). The filled circles in Fig. 37 are the experimental 

results. In this figure, the large experimental SPs at both sides are caused by the 

inaccuracy of background subtraction. At a non-zero angle of incidence, the 

atoms below the surface region are exposed to the incident beam resulting in an 

increased ion yield below the surface peak energy in the channeling spectrum. 

The triangular background subtraction on the SP becomes inadequate. But those 

SPs can still be used to visualize the angular symmetry of the SP variations. The 

solid curve in Fig. 37 is the simulation result with parameters chosen at 30% SE 

and zero correlation (S i2=0), and the dashed curve is for 100% SE and Si2=0.36. 

The solid curve fits the experiment much better. It should also be noted that with
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100% SE, the correlation factors for the [100] and [111] directions are 

unreasonably large.

C110] [100]

\y^  W(IlO) Surface

[HO] [111]

# ^

-H  4.47 Ah*-
* * * *
I I*
3.16 A

(a) Side View: (001) (b) Side View: (HO)

Fig. 38. Side views of the various channeling geometries for the W(HO) surface.

The angular dependence of the SP with the incident angle off the normal 

direction and in the (001) plane (not shown here) also shows a symmetric result. 

Therefore it is suggested that the clean W(IlO) surface does not reconstruct. There 

are no lateral shifts in either the [110 ] and [001] directions.

Fig. 39(a) shows the R factor contours for He+ ions incident along the [100] 

direction. Channeling in the off-normal direction is sensitive to surface 

relaxation. But a theoretical calculation24 suggests that the relaxation for W(IlO) 

surface is small (d i2 = -1.4%) so that only the same two parameters considered 

above are used here. An isotropic SE is used. Similar to the result for normal 

incidence, the minimum of R is along a diagonal, as denoted by the dashed line. 

The fit in Fig. 35 (center curve) for the [100] results is taken at a SE of 30% and on
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the dashed line. Similar simulation were made for the ion beam incident along 

the other low index off-normal direction, [111]. The results are shown in Fig. 

39(b) and the top curve in Fig. 35.

Correlation Factor, S 12

0.0 OX) 0.19 028 0.36

1— 1—

).95 0 .90  Of
R eduction Factor, r

Fig. 39. Contour plots of the Rfactor for (a) the [100], and (b) the [111] directions.
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Fig. 40. Angular dependent W SP for clean W(IlO) in the off-normal direction.

IfW(IlO) surface atoms relax relative to the terminated bulk structure, the 

relaxation can be detected using angular scans of the SP with the ion beam 

incident along the off-normal channeling directions. The SP vs. angle is 

asymmetric when the relaxation is present. Shown with the solid curve in Fig. 40 

are the simulation results for the relaxed W(IlO) surface with the top layer relaxed 

inward by 1.4% (di2 = -1.4%). The rotation angle is the angle off the [100] crystal 

axis and in the (001) plane (cf. Fig. 38(a)). The simulation shown is at the 

minimum of R with SE=30%. The dashed curve shows the angle-dependent 

simulation results without considering the surface relaxation. It is symmetric. 

The experimental results lie in between the two curves. It is suggested then that
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the relaxation of the W(IlO) surface is less than -1.4%. This is small when 

compared with other metal surfaces as indicated in the calculations.24

Correlation Factor, S12

0.0 0.10 0.19 0.28 0.36

-  With -1.4% relaxation

Reduction Factor, r

Fig. 41. The minima of the R-factor for the three channeling directions with and 
without considering the relaxation, and the results for the clean W(IlO) surface.

If this 1.4% inward relaxation is considered, the lines of minimum R for 

the ion beam incident along [ 100] and [ 111 ] are both shifted down a little as 

shown in Fig. 41. The results do not show much difference from the non-relaxed 

surface. With 30% SE, the correlation factor found for the [110] direction is small 

(0.02), while for [ 100] and [111] are 0.21 and 0.17, respectively, without 

considering the relaxation. The correlation factor for [100] and [111] would be
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0.23 and 0.19 if the surface relaxes with dig = -1.4%. A theoretical calculation of 

the correlation factor for Mo gives the values of about 0.21, 0.30 and 0.32 for [1 10], 

[100] and [ 111] directions, respectively.82

In previous studies,83 it was observed that the W(IlO) surface shows a large 

anisotropy in the thermal vibration amplitude for the surface atoms. The 

component of the amplitude normal to the surface was reported to be 2.6 times 

larger than the one-dimensional bulk amplitude, while the parallel component in 

the surface plane showed very little enhancement. In the present work, we find 

that the anisotropy will be much smaller if  we include it  in the calculations. 

Because the SE normal to the surface does not alter the results for normal 

incidence, the enhancement in therm al vibration amplitude of surface atoms 

parallel to the surface plane should still be 30% as concluded above. Therefore, a 

larger than 30% SE normal to the surface would result in a larger correlation 

factor for the off normal channeling directions. This is required in the calculation 

in order to obtain a good agreement with the experimental results. A much larger 

correlation factor than the number given above quickly becomes unphysical. 

Difference between the present conclusions and those reported previously may be 

due in part to refinements in the quantitative aspects of the experiment during the 

past three years.

Hydrogen on W(IlO)

Fig. 42 shows the increase of the W surface peak as a function of hydrogen 

exposure for the ion beam incident along the normal, [ 1 1 0 ] direction at an ion 

energy of 0.96 MeV. The SP gradually increases with increasing Hg exposure and 

the increase saturates at ah exposure of 400 L. The overall increase is 25% relative 

to the value for clean surface . The results for hydrogen exposed W(IlO) are very
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different from what we observed for hydrogen exposed Nb(IlO) which showed two 

stages of SP increase (see chapter 4).

. He W(11( 
E = 0 .9 6  MeV

0.0 100.0 200.0 300.0 400.0 500.0 600.0
H2 Exposure (L)

Fig. 42. The W SP (the filled circles) as a function of H2 exposure for 0.96 MeV
He+ ions incident normal to the W(IlO) surface. The solid curve is the polynomial 
fit to the data points.

Similar to the results for [ 1 10] incidence, with the ion beam incident along 

the [100] direction, we see a gradual increase of the W SP and a saturation at 400 

L as well. The SP area increases from 1.4 atoms/row, and saturates at about 1.8 

atoms/row. For the [111] direction, the SP increases from 1.5 atoms/row and 

saturates at 1.9 atoms/row.
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Fig. 43. The W SP ( the filled circles) as a function normally incident He+ ion 
energy for the 500 L Hg exposed W(IlO) surface. The curves are the computer 
simulations as described in the text.

To understand what structural change causes the increase of the SP with 

Hg exposure we have measured the SP as a function of the incident ion energy for 

a Hg exposure of 500 L. The results are shown in Fig. 43 with the experimental 

values indicated by the filled circles. The ion beam was incident along the normal 

direction and again the computer simulation is done with various structural 

parameters. We found that the results using an additional increase of 50% 

enhancement of surface atom vibration amplitude relative to the clean surface 

value (30%) yield a good agreement with the experimental result. The conclusion
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is based on the minimum of the R factor occurring for a surface enhancement of 

80%. This result is shown in Fig. 43 by the dashed curve. The good agreement is 

also found for the angular-dependent SP as shown in Fig. 44 with the dashed 

curve.

However other structural changes besides the increase of SE can also bring 

about a good agreement between the simulation results and the experiments. One 

possible choice is a surface reconstruction, that is, the in-plane displacement of 

surface atoms. The surface peak increases as the surface atoms are displaced. 

We found that when the top layer of W atoms are displaced parallel to the surface 

plane by 0.1 A relative to the clean surface positions, a good agreement between the 

simulated and experimental energy-dependent SP is obtained as shown in Fig. 43 

with the solid curve.

5-► W(IiO)-H io]
E = 0 .9 5  MeV 

4 0 0  L H2

Rotation in (QQI) plane 
Rotation in (HO) plane

1.5 2.0-2.0 -1.5 -1.0 -0 .5  0 .0  0.5
Rotation Angle (deg)

Fig. 44. Angular dependent W SP for the 400 L Hg exposed W(IlO) surface.
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We also found that the suggested unidirectional shift of surface atoms is not 

consistent with our results. If all of the atoms shift in one direction by 0.1 A, 

computer simulations show that the angular-dependent SP should be asymmetric 

as shown by the dotted curve in Fig. 44. In this figure the experimental SP area as 

a function of rotation angle off the normal direction in both the (001) plane (filled 

circles) and the (HO) plane (open circles) are presented. The exposure of hydrogen 

is 400 L and the incident beam energy is 0.95 MeV. We see that the measured SPs 

are both very close to symmetric over the small rotation angle. In this figure we 

also show the simulation result of the SP as a function of rotation angle (the solid 

curve) when half of the surface atoms are shifted in one direction and the other 

half shifted in the opposite direction. This structure yields a symmetric SP over 

the rotation angle and is in better agreement with the experiment. This multi- 

domain lateral shift does not change the results for the energy-dependence of the 

SP. Therefore we conclude that if the increase of the SP due to the hydrogen 

exposure is caused by a surface reconstruction, it  is quite likely that the surface 

atoms are displaced in opposite directions by an amount of 0.1 A. The shifts to the 

left and right directions would be equally probable if  they should happen on a 

perfect surface. If there exist steps or other defects on the surface, some of the 

surface atoms will be displaced to the left while more or less may be shifted to the 

right. This could result in a loss of mirror plane symmetry as reported.35

For the ion beam incident along the [111] direction the results also show 

that either an increase of SE by 50% or a non-uni directional lateral shift of surface 

atoms can account for the increase of the SP. It seems impossible to clarify which 

mechanism is the actual cause for the increase of SP due to the hydrogen 

exposure, tha t is, either the increase of SE or the surface reconstruction, or both. 

One way to rule out the possibility of SE is to cool the W(IlO) surface, but it is not
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known if the structural change at low temperature will be sim ilar to the one at 

room temperature?

In summary, we observed th a t the W(IlO) surface peak area increases 

when the surface is exposed to hydrogen. The changes stop a t an  exposure of 400 

L. These changes may result from an increase of SE on the W(IlO) surface or a 

non-unidirectional surface atom displacement, i.e., a surface reconstruction.
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CHAPTER 6

NI FILMS ON W(HO) SURFACE

Introduction

Investigations of metal atoms on metal substrate have been of great interest 

for scientists because of the possibility of modifying various properties at the 

interface. It is the modified catalytic87 and magnetic88 properties that make 

nickel an exciting m aterial in studies of bimetallic systems. Because of the 

observed epitaxial growth,11-45 as well as the catalytic and magnetic properties, Ni 

on W(IlO) substrates has already been studied by angle-resolved photoemission 

(ARPES), Auger electron spectroscopy (AES) and low energy electron diffraction 

(LEED) in order to understand the. growth of Ni on W and the modification of 

electronic structure .89-91 A study of %  and CO adsorption on NiAV interfaces has 

been conducted by Goodman et al92 to understand the chemical properties of 

supported Ni films. Because the structural modification induced by one metal 

adsorbed on another metal can be very useful in understanding the electronic 

properties of the bimetallic system, we have performed a study of Ni adsorbed on 

W(IlO) using high energy ion scattering (HEIS/RBS) together with X-ray 

photoemission (XPS) and LEED. The results are presented in this chapter.
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Experiment

The experiments were performed in  the UHV ion scattering chamber as 

discussed in chapter 2. The same W(IlO) sample used for the work discussed in 

chapter 5 was used for these studies. The Ni films were deposited at room 

temperature onto the W(IlO) substrate using a resistively heated two-strand Ni 

wire of diameter 0.25 mm, located about 3 inches away from the W substrate. The 

heating of the wire is controlled by a well stabilized DC current supply.

Before the Ni film deposition the clean W(IlO) surface was aligned with the 

He+ ion beam for axial channeling. In most of the experiments the W(IlO) surface 

was aligned with its normal direction parallel to the ion beam, and was held in 

this position throughout the experiment . In this orientation the channeling 

direction is well defined and there is no need for sample motion between 

depositions which may sometime result in small variations of the channeling 

direction by accident.

In general, with each Ni film deposition it is preferable that an RBS and an 

XPS spectrum be taken. However, because it  takes such a long time to collect both 

RBS and XPS spectra the experiment was separated into two parts with one part 

consisting primarily of RBS and the other of XPS. That is, in one experiment RBS 

spectra were taken after each Ni deposition and XPS performed only after a few Ni 

depositions. In the second part of the experiment XPS was performed after each 

Ni deposition with RBS collected less frequently.

In XPS, by measuring the intensities of the characteristic photoelectron 

peaks of the adsorbate (Ni) and the substrate (W), it is possible to characterize the
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film growth morphology. In RBS, the measured Ni surface peak (SP) yields the 

number of Ni atoms on the W(IlO) surface which are visible to the incident ion 

beam. The Ni SP can thus be used to precisely find the coverage and the deposition 

rate. The W SP as well as the Ni SP of a film are used to study the atomic 

structure of the bimetallic interface.
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Fig. 45. Channeling spectra for the clean W(IlO) surface and the 2.3 ML 
(1ML=1.864 x IO15 atoms/cm2) Ni covered W(IlO) surface. The bottom spectra is a 
smooth spectra of the difference between these two spectra.

The RBS spectra were taken with the He+ ion beam incident along the 

[110] channeling direction. The incident ion energy was 0.99 MeV. The typical
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total number of incident He+ ion for one spectrum was Q= 1.125 x IO1̂  (typical dose 

is 1.43 x 10l 5/cm2). Sometimes a larger dose was used to improve the statistics of 

the Ni SR The scattering angle was set a t 105°. Since Ni atoms have less mass 

than W atoms, the Ni SP occurs within the W bulk dechanneling region of the 

spectrum. The analysis of the Ni SP is done by first taking the difference between 

the spectra for the deposited Ni film and the clean W(IlO) surface, and then 

calculating the Ni peak area. In Fig. 45, the spectrum of clean W(IlO) is shown 

with filled circles and the spectrum of the 2.3 ML ( I ML=I.864 x lO-^/cm^) Ni 

covered surface is shown with open squares. The difference of those two spectra is 

shown at the bottom of the figure with rotated squares. The Ni peak area can then 

be easily determined by subtracting off the background determined by a linear- 

least-squares fit shown by the solid line in Fig. 45. This Ni surface peak area is 

then converted by Eq. (10) to the number of Ni atoms on the W(IlO) surface which 

are visible to the incident ion beam.

The XPS spectra were taken with the Al Ka (1486 eV) X-ray source. With 

the sample held normal to the ion beam the photoelectrons enter the 

hemispherical analyzer lens with an emission angle of 30° from the sample 

normal. The electron energies are analyzed using a fixed analyzer transmission 

mode with a pass energy of 50 eV (FATSO). In this mode the source size imaging 

by the analyzer lens with the aperture used is slightly larger than the W surface so 

that even for a clean W surface a small Ni photoelectron peak can be seen in the 

XPS spectrum. This small contribution results from the Ni remaining on the 

sample holder, left by previous experiments, and it is corrected for in evaluating 

the actual photoelectron peak area.
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Results and Discussion

T hin N i F ilm

Fig. 46 shows the area of the Ni SP, that is, the number of Ni atoms visible 

to the ion beam at normal incidence as a function of Ni deposition time. The 

experimental results are fitted very well with a straight line. This means that the 

deposition of Ni atoms is a t a constant rate, 0.21 MIVminute where I  ML = 1.864 x 

10*5 atoms/cm^ is the density of Ni atoms in the (111) plane of fee Ni. The W 

surface peak, as shown in Fig. 47 with the solid circles, does not change much 

with increasing Ni coverage. It shows a small increase (~6% relative to the clean 

value) which may be caused by Ni adsorption, contamination from the residual 

gas on the surface, or some other effects as discussed below.

Fig. 48 shows the normalized Ni 2p photoelectron intensity, I, as a function 

of Ni coverage. The normalized intensity is defined as 1 2

where INi is the Ni 2p3/2 photoelectron peak area and Iw the W 4d photoelectron 

peak area, ONi/°W is the. ratio of the relative photoelectron cross section for Ni 2p 

and W 4d photoelectrons where CNi(2p) = 4.9 x IO^ barn/electron and ow(4d) = 2.4 

x IO4 bam/electron.37 The normalized W photoelectron intensity is I-L The figure 

shows that the intensity, I, grows linearly with increasing Ni coverage until about

2 ML where a break occurs. After the break the intensity grows linearly again but 

with a smaller slope. When these two linear segments are fitted to different 

straight fines using a linear least-squares fit it is found that the break occurs at

(19)
1NiZ0N i+ 1WZ0W
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1.92 ML, and that the slope ratio of the second linear segment to the first one is 

0.66. Clearly our results do not show any break a t a coverage less than 1.92 ML.

S  6

Deposition Time (M inute)

Fig. 46. Number of Ni atoms visible to the normally incident He+ ion beam as a 
function of Ni deposition.

Previous studies of the NiZW(IlO) system have shown results which differ 

from those shown here. Kolaczkiewicz and Bauer91 have shown that the first 

break of the linear slope of the Ni Auger intensity appears at a Ni coverage, Oq = 

0.73 0i, where 0i is the atomic density of 1.82 XlO15Zcm2 and corresponds to 98% of 

the atomic density of the N i(Ill)  plane. This Oi is the density of a coincidence 

structure in which every ninth Ni atom coincides with every seventh W atom 

along the [001] direction in the substrate. This corresponds to a slight (~ 1%)
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compression of the Ni lattice in the Ni[110] direction. The Ni and W atoms match 

along the W[110] direction with an expansion of the Ni lattice by 3.7% in the 

N i[T l2 ] direction. Thus 61 = 9/7 x 1.416 x l015/cm2 (the density of the W(IlO) plane) 

= 1.82 xlQlS/cm2. They also observed a second and a third break at 0i and 1.940] 

respectively. Together with the results of LEED and workfunction change which 

they observed they conclude that the adsorption of Ni on W(IlO) is pseudomorphic 

up to 0Q (near a ML of W(IlO) which is at 0.790]) at which point a phase transition 

to an incommensurate structure similar to N i(I ll)  occurs with additional Ni 

adsorption.

£ 1.8

5  1.6

• • • • •

Ni Coverage (ML)

Fig. 47. The W SP as a function of Ni coverage.
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A later study by Hamper et al^O shows that breaks in the curve of Ni Auger 

intensity occur at a coverage of I  ML, 2 ML and 3 ML of Ni atoms. A (Ixl) LEED 

pattern is observed for Ni coverages of less than 0.5 ML, and a (7x1) superstructure 

is observed for coverages above 0.5 ML. This superstructure LEED pattern can 

still be ju st recognized for a three-ML-thick film. It is then concluded that Ni 

grows pseudomorphically on W(IlO) surface up to 0.5 ML, and in a coincident 

layer-by-layer growth above 0.5 ML. In their study, it is also found tha t the 

optimum substrate temperature during deposition is 300 0C for the first atomic 

layer and 170 0C for all consecutive layers.

Another study on this NiZW(IlO) system was made by Goodman et al.®  ̂ In 

their study the Ni depositions were carried out at substrate temperatures of 100- 

120°K. They observed the growth of a pseudomorphic layer of Ni up to I tungsten 

ML (1.416 xl0l5/cm2) and a layer-by-layer growth above I tungsten ML with one 

layer covered by 1.82 xlO^/cm^ Ni atoms. This conclusion is based on the observed 

breaks in their Ni Auger intensity vs. Ni TPD (thermal programmed desorption) 

area. It is supported by the ratio of the total Ni TPD area of the first layer (at the 

first break) to the second layer. The ratio in found to be. 0.78 which compares 

favorably with the ratio of the surface atomic density of the W(IlO) and N i(I ll)  

coincidence lattice, 0.79, using the value of 1.416 xlO-^ and 1.82 xlO ^ for the atomic 

density of W(IlO) and the Ni coincidence structure, respectively.

Our observations are different from the previous work. The first break 

which we observed is at about 2 ML. A LEED pattern at I ML shown in Fig. 49(a) 

exhibits a 7x1 superstructure, similar to the one observed by Hamper et al.90 Due 

to the poor functioning of the LEED optics used, the pattern is distorted. A 

schematic drawing of the LEED spots as seen in the photo is shown in Fig. 49(b). 

A similar pattern is observed for a 2 ML film. According to what we observed both
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Fig. 48. The normalized Ni 2p photoelectron intensity, I, as a function of Ni 
coverage (for thin Ni film).

in the Ni photoelectron intensity and the 7x1 LEED superstructure it is believed 

that the Ni films grow in a double-layer by double-layer fashion, and with a 

coincidence structure. That is, the first and second Ni layers grow 

simultaneously and in each layer 9 Ni atoms match to every 7 W atoms along the 

W [001] direction. This kind of bi-layer growth is similar to the reported result for 

Sn overlayers on GaAs studied using scanning tunneling microscope (STM).94 

The break in Fig. 48 at 1.92 ML corresponds closely to a coverage of 2 layers of Ni 

atoms with a coincidence structure which takes 1.95 ML of Ni atoms. The slope
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(a)

-H at-"*-

Fig. 49. The 7x1 LEED superstructure for I ML Ni covered W(IlO) surface: (a) the 
LEED pattern, (b) schematic of the LEED pattern.
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ratio of the second linear segment to the first one also suggests that the films grow 

in a double-layer manner. In this case the FM layer-by-layer model is still valid, 

but with a layer thickness, d, corresponding to the double-layer thickness. In Eq. 

(14), R/(l+R) is the same as the normalized Ni photoelectron intensity, I. The 

mean free paths used for Ni 2p and W 4d photoelectrons are 13.02 A and 21.60A 

respectively. The attenuation factor exp(-X/d cos30°) is used because the 

photoelectrons are collected by the analyzer at 30° from the sample normal. By 

comparing the calculated slope ratio of the second linear segment to the first with 

the experimental value, a layer thickness of d= 5.75A is suggested. This thickness 

is 41% larger than the thickness of two layers Ni for N i(Ill) plane which is 4.06 A.
If the initial adsorption of Ni is commensurate, i.e., pseudomorphic or in 

registry with the substrate, it is possible that the Ni atoms occupy the sites where 

the next W atoms would be located. If the Ni atoms occupy the atomic sites right 

on top of the second layer W atoms it should be possible to observe a decrease of the 

W SP when the incident ion beam is along the normal direction. For normally 

incident ions with an energy of 1.00 MeV computer simulation results predict that 

the W SP will be reduced by 0.31 atoms/row if there is I  tungsten ML (1.416 

xlOlS/cm^) of Ni atoms covering the W(IlO) surface and occupying the sites directly 

above the W atoms. If the surface is covered by only one half tungsten ML the 

reduction becomes 0.15 atoms/row. This amount should be easily observed in the 

experiment. However as shown in Fig. 47, no decrease of the W SP is observed. 

The solid and open circles are from two separate experiments. The solid circles 

are from the experiment which emphasized RBS measurements while the open 

ones are from the one which emphasized XPS. Rather than a decrease of the W SP 

a small increase can be seen. This increase may be caused by contamination of 

the residual gas on the surface because of the continuous outgassing of the Ni
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evaporator. The interaction of W with adsorbed gas molecules can also lead this 

small increase of the W SP. In an experiment with Og adsorption on W(IlO) it was 

found that a 4 L exposure can lead to an increase of the W SP by about 30%. 

However, later experiments for the thick Ni film do not show .such a large increase 

of the W SP.

If the Ni adlayer adopts the coincidence structure, one out of nine Ni atoms 

could shadow the underlying W atoms. Thus a reduction of the W SP by one 

seventh of 0.31 atoms/row should be observed if  I  ML of Ni atoms is on the surface. 

If there are 2 ML of Ni atoms the reduction will be much greater if Ni atoms 

shadow W atoms. For a thick film the reduction of the W SP could be as much as 

1/7 atoms/row (=0.14) if one out of seven W atoms are fully shadowed by the Ni 

atoms above them. However a reduction of this magnitude is not observed, even 

for a thick Ni film, as discussed in next subsection.

In Fig. 46 the Ni SP (the number of Ni atoms visible to the ion beam) 

increases linearly with the deposition time. At coverages greater than 2 ML of Ni , 

if additional adsorbed Ni atoms occupy sites directly above the deposited Ni atoms, 

the Ni-Ni shadowing should make it possible to see a slower increase of the Ni SP 

with increasing deposition time when the ion beam is incident along the normal 

channeling direction. But it is clear, as shown in Fig. 46, that the tendency of a 

slower increase is hot observed up to 4.5 ML of Ni coverage . We conclude that Ni 

atoms are adsorbed on the W(IlO) surface randomly but with a long range 

ordering as shown in the LEED pattern. With increasing Ni deposition the Ni film 

begins to evolve into a bulk Ni structure, but this is not observed in the Ni SP 

attenuation at a coverage of as, large as 4.5 ML.
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Fig. 50. Number of Ni atoms visible to the normally incident He+ ion beam as a 
function of Ni deposition (for thick Ni film).

Thick Ni Film

Fig. 50 shows the results for the number of Ni atoms visible to the ion beam 

at normal incidence as a function of deposition time. The filled and the open 

circles are from two separate experiments which concentrated on the RBS and 

XPS measurements, respectively. In the first experiment (with filled circles) an 

RBS spectrum was taken after each Ni deposition and the number of visible Ni
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atoms was evaluated. I t is calculated tha t the deposition rate for this experiment 

is 0.464 ML/minute, and 0.814 MIVminute for the second one in Fig. 50 (open 

circles). The number of Ni atoms on W(IlO) visible to the ion beam is found to he 

linear with the deposition time below 7.7 ML. Up to this coverage, no Ni-Ni 

shadowing is observed and the number of Ni atoms visible to the ion beam is 

believed to the actual number of Ni atoms on the W(IlO) surface. Above this 

coverage more adsorption of Ni atoms begins to shadow the underlying Ni atoms 

for the ion beam incident along this normal channeling direction. Because of this 

shadowing effect the number of Ni atoms visible to the beam is less than the actual 

number of Ni atoms on the surface. The Ni SP, with contributions from those 

visible to the beam as denoted by the vertical axis in Fig. 50 begins to curve down at 

7.7 ML of Ni coverage. The turning point for both experiments is at the same 

coverage of Ni atoms. When the incident ion beam is along a direction with a 

small angle off from the normal channeling direction, the Ni SP should represent 

the actual number of Ni atoms because the Ni-Ni shadowing effect disappears. 

But one point which m ust be considered is that a t this off-channel angle of 

incidence the subtraction of the background signal in evaluating the Ni SP 

becomes difficult because of the large dechanneling background associated with 

the bulk tungsten. However, for a very small angle off from the channeling 

direction it is still possible to obtain an accurate background subtraction and the 

Ni-Ni shadowing effect is reduced. We see, a t 0.45° off the [110], normal 

channeling direction, an increase of the Ni SP to 19.8 xlO ^/cm 2 compared to the 

last open-circle point. Therefore it is believed that the low Ni SP as compared with 

the expected actual number of Ni atoms (dashed line in Fig. 50) is caused by the 

shadowing effect of Ni atoms.
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Fig. 51. The normalized Ni 2p photoelectron intensity, I, as a function of Ni 
coverage (for thick Ni film).

Similar to Fig. 48, the normalized Ni 2p photoelectron intensity is shown in 

Fig. 51 as a function of Ni coverage for the thicker films. The coverage is derived 

with the linear deposition rate of 0.814 MIVminute as shown in Fig. 50 (open 

circles). The results again show breaks near 2 ML. Because there are not 

sufficient data points it is hard to judge the film growth after the first bi-layer. As 

shown in Fig. 51, we attempted to fit the data points in the regions of 0-2 ML, 2-4 

ML and 4-6 ML with straight lines. These straight lines yield the breaks at 1.96 

ML, 3.83 ML and the slope ratio SgZSi= 0.697, 83/82=0.747. From the 7x1 LEED
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patterns at I ML and 2 ML we know that Ni atoms take the coincidence structure. 

The first bi-layer is filled with 1.95 ML Ni atoms, which is close to the observed 

value of 1.92 ML in the previous subsection and of 1.96 ML here. If the bi-layer 

growth continues with the same structure, this second bi-layer would also take 

1.95 ML Ni atoms so the second break would appear at 2 x 1.95 =3.90 ML. The slope 

ratios, Sg/Si and 83/82, suggest that the bi-layer thickness would be 5.0A. A LEED 

pattern at 4 ML shows that the 7x1 superstructure disappears. It shows a pattern 

that is getting close to the N i(lll). It is very similar to the LEED result reported by 

Hamper et al for 5 ML Ni on W(IlO). At this amount of coverage the Ni film begins 

to adjust itself to the N i(Ill)  structure.

2 4 6 8 10 12
Ni Coverage (ML)

Fig. 52. The W SP as a function of Ni coverage (for thick Ni film).



114

Fig. 52 shows the W SP with the increasing Ni coverage up to 12 ML. Open 

and filled circles are again from the two separate experiments. Not much change 

of the W SP is observed. It suggests that (i) even with 12 ML of Ni coverage, Ni 

atoms do not take the atomic sites right above the W atoms and no Ni atoms 

shadow the underlying W atoms, (ii) no noticeable structure change of the W(IlO) 

substrate is induced by the adsorbed Ni atoms. It seems possible that Ni atoms 

could shadow the W atoms from the incident ion beam and, at the same time, W 

atoms are displaced so tha t the effects of shadowing W and increasing W 

displacements compensate. However as we have seen, a thin Ni film (<4 ML) does 

not show any change of the W SP from the value for clean W(llO). We also know 

that a thin film grown in the coincidence structure does not reduce the W SP to a 

noticeable extent. Therefore (i) and (ii) suggest that the W-Ni interaction is weak. 

And so N i(Ill) grows well on W(IlO) epitaxially, with an abrupt interface.

Annealing the 12.21 ML Ni film at -1155 0C for 30 seconds increases the W 

SP to 1.84 atoms/row as shown in Fig. 52 in square. It also reduces the number of 

Ni atoms visible to the beam (the Ni SP) from 16.8 xlO ^ atoms/cm^ to 14.1 xlO ^ (as 

shown in Fig. 50 in square) and reduces the Ni 2p photoelectron intensity. An 

additional 30 seconds of annealing does not change the W SP and the Ni SP nor the 

Ni 2p photoelectron intensity. We also annealed a 2.68 ML (5.00 xlO-*-̂  Ni 

atoms/cm^) film at ~ 900 0C and we observed that the W SP is increased to 1.70 

atoms/row and the number of Ni visible to the beam is reduced to 4.09 xl015/cm2. 

Annealing this film at a lower temperature increases the W SP to 1.50 atoms/row 

and reduces the number of Ni visible to the ion beam to 4.44 x lO ^ /c m 2. The 

change of the W SP by annealing is believed to be caused by the W-Ni interaction at 

the interface. Ni and W react at elevated temperature and cause the large amount 

of increase in W SP. The reduction in the number of Ni atoms visible to the ion
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beam is believed to be due to the agglomeration of Ni atoms into bulk Ni islands.. 

We see that for the 12.21 ML film, the first 30 seconds of annealing changes the W 

SP, Ni SP and the Ni 2p intensity, while an additional 30 seconds annealing makes 

no more difference. It is clear that Ni atoms do not desorb from the W(IlO) surface 

after the first 30 seconds of annealing. The first 30 seconds of annealing may or 

may not desorb some of the Ni atoms with weak bonding. In general it is believed 

that the Ni atoms in the film agglomerate so that more Ni-Ni shadowing occurs 

and W substrate photoelectron intensity gets stronger and Ni photoelectron 

intensity gets weaker at the same time. Goodman et al^2 reported that for a 

multilayer Ni film on W(IlO) the desorption of Ni atoms occurs at a temperature of 

~ 1330 K. Our annealing temperature for the 12.21 ML film is at -1430 K. This 

temperature is measured with an optical pyrometer by detecting the radiation 

coming from the heated W surface. Because we used an electron beam heating 

setup with a tungsten filament behind the W(IlO) sample, the filament gets much 

hotter than the W sample when annealing. The pyrometer is able to detect some of 

the reflected radiation from the tungsten filament so it read a higher temperature 

than the correct sample temperature. Thus we tentatively believe that the actual 

annealing temperature is less than the value we mention here. We conclude that 

the desorption of Ni is not observed in annealing the film but the agglomeration of 

Ni atoms is observed as well as some reaction of Ni and W at the interface region.

Conclusion

In summary, the initial Ni film growth on W(IlO) is found to occur in a bi

layer mode, in disagreement with the results reported by other investigators. The
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thin films (<4 ML) grow epitaxially on W(IlO) with a coincidence structure. Above 

7.7 ML of coverage the Ni film becomes bulk-like so that Ni-Ni shadowing occurs 

for the ion beam channeling along the normal direction of the W(IlO) surface. It is 

also concluded that the Ni-W interaction a t the interface is weak because no 

modification of the W(IlO) substrate structure is observed.
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CHAPTER?

CONCLUSION

In order to extend the investigation of modified structures of metallic 

surfaces due to the adsorption of foreign metal atoms and gas molecules, a few 

systems of this kind, have been studied using known surface analytical techniques. 

In the studies of thin Pd films on the Al(IlO) surfaces (chapter 3) using AES, LEED 

and UPS it was observed that the Pd films grow on Al(IlO) epitaxially, in a layer- 

by-layer mode. For submonolayer coverage of Pd a narrow band of Pd-derived d 

states was observed 4.8 eV below the Fermi level. In contrast to other systems, a 

Pd monolayers on Al(IlO) behave as a free and nearly unsupported monolayer. 

The Pd band shifts to a lower binding energy and broadens into a bulk-like Pd 

density of states with increasing Pd coverage. The. formation of Pd bulk electronic 

structure begins at about 3 ML of Pd coverage. The development of Pd d states at 

the Fermi level above this coverage coincides with the onset of CO chemisorption. 

The Pd films with less than  2.5 ML of Pd deposition show no evidence of CO 

chemisorption while three or more ML films readily chemisorb CO. In the studies 

of Ni films on the W(IlO) surface (chapter 6) using XPS, LEED and high-energy ion 

scattering and channeling (HEIS), we observed a very different film growth. The 

initial growth of the Ni film is in a bi-layer mode, in contrast to the results 

reported by other investigators. The growth also occurs in a Ni coincidence
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structure with the W(IlO) surface. The Ni film exhibits a bulk structure at a 

coverage above 7.7 ML (I ML equal to the density of (111) plane of Ni) at which the 

Ni-Ni shadowing effect is observed in the channeling experiment. It is also 

concluded that the Ni-W interaction at the interface is weak since no modification 

of the W(IlO) substrate structure is observed.

In chapters 4 and 5, hydrogen interactions with two different metal 

surfaces, Nb(IlO) and W(IlO) were studied using HE IS. No surface reconstruction 

and negligible surface relaxation were observed for these two clean metal 

surfaces. The results of computer simulations of ion scattering show good 

agreement with experiments for clean Nb(IlO) with negligible enhancement of 

surface atom vibration amplitudes, and for clean W(IlO) with 30% enhancement. 

To obtain agreement with experiment does require that the simulations include 

reduced bulk atom vibration amplitudes, both for Nb and W, which simulate th e . 

effect of correlated bulk vibrations. When these two metal surfaces were exposed 

to Hg, two different results were.observed. For Nb(IlO), an initial abrupt increase 

of the Nb SP in the chemisorption regime (0-20 L) was observed, followed by a more 

gradual increase of the Nb SP as the hydrogen is absorbed into the bulk. A model 

used to explain these results is in good agreement with the proposed Nb surface 

hydride model. For W(IlO), the W SP gradually increases with increasing Hg 

exposure and saturates a t 400 L. These changes correspond to two possible 

surface structural changes which may be inferred as a result of an increase of the 

enhancement of W surface atom vibration amplitudes, or as a  result of non- 

unidirectional lateral shifts of W surface atoms parallel to the surface.
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The data analysis is assisted by a computer program written on BASIC in 

the NEC APC III computer. A series of needed calculations are performed which 

include the RBS/XPS spectrum analysis and the RBS data processing. The whole 

process of the program runs in a list of menus and sub-menus.

Spectrum Analysis

This main menu consists of 12 menus as listed below.

PFl INPUT DATA FROM MCA

PF2 SAVE DATA ON DISK

PF3 READ DATA FROM DISK

PF4 PLOT DATA

PF5 AREA OF SURFACE PEAK

PF6 ROI INTEGRATIONS

PF7 NUMBER THE DEFAULT TO A DATA SET

PF8 DEFAULT A DATA SET

PF9 DATA SET MANIPULATION

PFlO DATA SMOOTHING

PF ll X-RAY PEAK IDENTIFICATION

PF12 RETURN TO MAIN MENU

Input data from MCA. When the function key #1 (PFl) is hit the computer 

responds "Hit I/O button in MCA to transfer data" and is ready to receive data
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from the multichannel analyzer ( Chapter 2). The data received are in character 

strings. The computer then converts them into numerical values. The data set 

consists of the live time (TL) at channel 0, the start and end channel numbers, and 

the number of counts in each channel in the region of the spectrum to be stored. 

One can also enter a comment for this spectrum before it  is saved into a file (in 

random file format) if it is to be saved.

Save data on disk. The default spectrum can always be saved into a file 

using the PF2 key. It can also be saved in  text format and the ROI (region of 

interest) of the spectrum can also be redefined.

Read data from disk. To read data from a pre-saved data file (in random 

file format). This spectrum can then be named into a data set in number 0-4 or as 

the default data set (by typing in 5).

Number the default to a data set. If one expects to save the default data into 

a data set instead of a file, PF7 is used.

Default a data set. Usually the newly, read-in or received (from MCA) 

spectrum (whichever was last) is the default data set ready for the analysis. But 

one is able to name any data set (1-4) as the default using key PF8.

Plot data. The default spectrum can be viewed on the screen using PF4. 

The spectrum can be rescaled in both X and Y directions (PFl) for a better view 

and can be plotted on the HP 7470A plotter (PF3). The number of counts at any 

channel can be found using PF2. PF4 returns the program back to the menu.

Area of surface peak. To find the peaks in the spectrum and to evaluate the 

peak area with various kinds of background subtraction. A sub-menu is listed and 

discussed below.

Find peak in a channel range (PFl): This is used to locate the peak(s). The 

channel numbers of the left (Il) and right (Ir) minimum of the peak and at the
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peak (Ip) are located by entering approximately the left and right channel 

numbers where the peak is located. Sometimes, the. program may not be able to 

find the right peak position (which can be checked by eye using PF6 within this 

menu), Then one needs to enter closer left and right channel numbers and the 

correct peak will be found.

Two minima background subtraction (PF2): To integrate the peak area 

with a subtracted background below the straight line connected by the left (Il) and 

right (Ir) end-points of the peak.

LLS background subtraction (PF3): Peak area is evaluated, but with a 

subtracted background defined by a linear least-squares (LLS) fitted line, (see 

Fig.45 in chapter 6) The data points (<200 points) used for the LLS fit can be located 

on the computer screen. Inside this sub-menu, one can rescale the plot on the 

screen (PFl), find the channel number and number of counts (PF2), define (PF2) 

and cancel (PF3) the points for LLS fit, find the LLS fit (PF4) and redefine the 

positions of the peak (II and Ir) if it is needed.

SP, Triangular background subtraction (PF4): To find the peak area using 

a triangular background subtraction. The side of the triangle connects the left 

end-point of the peak (Il) and zero counts at the peak channel number (Ip). This 

kind of peak area evaluation is mostly used for the SP in the channeling spectrum 

(cf. Fig. 7).

ROI peak integration (PF5): To integrate the peak, area in the region from 

Il to Ir including the background.

Plot on screen (PF6): To plot the spectrum on the screen with the integrated 

peak highlighted.

Exit to main menu (PF7): Works as it says.
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ROI integrations. To define a ROI and to integrate this ROI. It can be used 

to determine the bulk dechanneling in a channeling experiment.

Data sets manipulation. This menu is used to manipulate the data set. 

The 5 sub-menus are discussed below.

Data sets addition (PFl): To add up the number of counts of any two sets of 

data (1-4) a t the same channel number. The result is stored in a third data set.

Data sets subtraction (PF2): To subtract number of count of first data set by 

the second at the same channel number and to store the result in the third data 

set. (cf. Fig. 45)

Constant background Sub/Add (PF3): Add or subtract a constant number to 

the number of counts for the selected data set.

Factor multiplication (PF4): To multiply the number of counts by a factor. 

It is often necessary to multiply one spectrum by a constant factor in order to 

compare two spectra which are collected with different numbers of incident ions.

Shift channel (PF5): It is necessary when two spectra are collected with two 

different channel offsets.

Data smoothing. To smooth a spectrum using 5-point data smoothing. The 

number of counts at channel I after smoothing depends on the number of counts of 

5 channels before smoothing. That is,

C' (I)= |c ( I ) +1 [C(I - 1)+C(I+1)]+i [ C ( i  -  2)+C(I+2)]

This smoothing has negligible effect on the peak positions and the peak areas.

X-Rav Peak Identification. To find the peak positions in a PIXE spectrum. 

Exit to main menu. Works as it says.
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RBS Data Analysis

This part of the program carries out a few calculations after entering a 

number of known parameters. Of course, some of the calculations only need a few 

of the parameters. These parameters are Hsted below. By entering the number 

(listed below in parenthesis) this param eter can be changed on the computer 

screen.

O (0), the sohd angle of the detector

Zi (I) and Mi (2), the atomic number and mass number of the projectile

Zg (3) and Mg (4), the atomic number and mass number of the target atom

Eq (5), incident ion energy

SE (6), the set channel width of the detector

6 (7), the scattering angle

Q (8), the ion dose in micro Coulomb (|J.C)

TR (9) and TL (10), the real time and live time during the spectrum 

collection.

SP (11), area of the surface peak

TLK (12), the time to collect -0.01 pC charge of leakage current. Enter a 

negative TLK if the charge is positive when the auxiliary circuit in Fig. 14 is used 

and when the leakage current can not be exactly cancelled out due to the precision.

Ng (13), the surface atomic density of the target crystal in IO ^ atoms/cm^

The following is a list of the calculation which can be made inside this 

program.

Cross section and kinematic factor. To calculate the cross section in Eq. (5) 

and the kinematic factor in Eq. (2).
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Stopping power. To calculate the stopping cross section [ep] in Eq. (9). A 

table of the stopping cross section of He+ ions as a function of discrete energy (0.2 

MeV increment) for different target elements is originally stored in a data file 

called SPTABLES. The program reads in the value for e(E) and calculates the [ep]. 

Height of random snectrum. The theoretical random height Hp is

calculated using Eq. (3).

Atoms/row using theoretical random height. To calculate the number of 

atom/row visible to the ion beam using the theoretical random height Hp and the

surface peak area.

Atoms/row from experiment. This is the absolute calculation to convert the 

surface peak area A into the number of atoms in a row which are visible to the ion 

beam using Eq. (10). The corrections discussed in Chapter 2 are included.
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APPENDIX B

MONTE CARLO SIMULATION OF ION SCATTERING

(
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The calculation of backscattering intensities is accomplished by simulating 

on the computer the scattering of ions from the vibrating atoms in the lattice using 

Monte Carlo methods. The single-row approximation used has been shown to be 

valid for most metallic crystals with MeV He+ ions channeled along the low-index 

crystal axes, or along the directions at a small angle off these crystal axes. In 

these case the multi-row effect can be neglected, i.e., Rc (in chapter 2) is much 

smaller than the distance between adjacent row. In this Monte Carlo simulation 

of ion scattering, the impact parameters of the incident ions for the first atom in 

the row are selected at random over a surface area, A, of the crystal perpendicular 

to the row of atoms. The ion then undergoes a classical binary interaction with the 

atom and is deflected. The trajectory of the ion can be correctly constructed when 

the ion undergoes a series of binary interaction with the atoms in the row because 

the ion-atom scattering potential, the Moliere potential, is known to apply.

The thermal vibrations of the atoms are simulated by giving each lattice 

atom a random displacement chosen from the Gaussian distributions having the 

form

where X0 is the equilibrium position and u i is the one-dimensional rms vibration 

amplitude which is given by the Debye vibrational amplitude in the Debye theory.

In this Monte Carlo approach, the nuclear encounter probability of the 

incident ion with the atoms is computed. Because the atom has a Gaussian 

distribution of positions, the nuclear encounter probability of ions with the atom 

has the same distribution. As we know, the probability of ions hitting the first

r |2 \

/

(20)
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atom in the row is unity. Therefore the nuclear encounter probability of the ions 

with the nth atom in the row can be given by

where N is the number of incident ions, Xijll and yi>n are the position of ith ion 

relative to the equilibrium position of the nth atom and perpendicular to the 

atomic row when the ion approaches this atom and is scattered by this atom. For 

the first atom, XljI and ylji  are selected at random so when N —» «> , P(I)=I, as 

expected. Usually for N > 10000, a good result with small statistical error can be 

obtained. For the nth atom (except n=l) in the row, Xlj l l  and yijn are determined by 

the scattering of the ith ion with the (n-1) atoms before nth atom. Because of the 

shadowing effect, the nuclear encounter probability of the ion with the nth atom is 

less than unity, and is decreasing with increasing n. P(n) goes to zero at some 

number of n, say at ng. That is, P(no) = 0.

The total nuclear encounter probability of ions with the row of atoms when 

the ions are channelled down along this row can be found by summing up the 

encounter probability with each individual atom. The nuclear encounter 

probability of ions with the surface atoms, which constitutes the surface peak can 

be calculated by

In fact P is the equivalent number of surface atoms in this row which are visible to 

the incident ion beam.

In our simulation program, a table of deflection angles as a function of ion 

energy (0.1 to 2 MeV) and impact parameter is generated for the target atom using

x V
(21)

(22)
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the Moliere scattering potential, and the table is stored in a data file. A number of 

more than 50000 incident ions are selected at random over the surface area 

(A=IA2) of a square centered on the atomic row. The positions of atoms along the 

row are also selected at random but with the Gaussian distribution as given in Eq. 

(20). The impact parameter is then determined for the first atom and P(I) is 

calculated. By looking for the deflection angle in the table with this impact 

param eter and the ion energy, the impact param eter for the second atom is 

calculated and so is P(2). This process continues for a number of atoms in the row 

until a set number nmax is reached. We usually set this nmax greater than nq 

where P(nq) =0. Since nq depends on the target atom, the spacing between atoms 

in the row, the vibrational amplitude of the atoms and the incident ion energy, 

nmax can be varied depending on the kind of simulation. After completing the 

simulations for all the incident ions, the total encounter probability P is calculated. 

P is then used to compare with the experimental SP to determine the surface 

structure.

In the simulation one can enter different structure param eters and 

calculate P. The relaxation and the surface reconstruction ( «  the side of surface 

area A) can be defined to give the equilibrium position of the atoms. The 

enhancement of vibrational amplitudes of surface atoms, and the reduction of bulk 

vibrational amplitude, Uij can be defined for different atoms. The anisotropy of the 

atomic vibration can be simulated by using different one-dimensional vibration 

amplitudes for x, y and z coordinates. In the simulation the ion energy loss is 

neglected. Actually nq is typically-less than 10 so that no energy loss needs to be

considered.
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