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Abstract

The Normal Incidence X-Ray Standing Wavefield technique has been used to study the
adsorption of mercury on two single crystal metal surfaces, Ni(111) and Cu(100). The
three Hg/Ni(111) structures studied were (\/3x\/3)R30°-0.33ML, p(2x2)-0.5SML and
“c(2\/3x2\/3)R30°”-0.64M. A well-ordered, commensurate mercury adlayer is
postulated, which has a low frequency (or soft) phonon mode parallel to the surface.
Such a surface is well ordered and will give good LEED patterns, but the large

distribution of distances relative to the (111) set of planes leads to a low coherent

fraction, in agreement with the (111) NIXSW data. The Hg/Cu(100) structures studied

were two equilibrium structures, ¢(2x2)-0.50ML and c¢(4x4)-0.62ML and two non-
equilibrium structures, (3x3)-0.66ML and c¢(2x6)-0.83ML. In agreement with the
literature, the NIXSW analysis of the lowest coverage Cu(100)/Hg-c(2x2)-0.50ML
structure indicated mercury adsorption into the most energetically stable four-fold
hollow sites. However, the NIXSW analysis of the Cu(100)/Hg-c(4x4)-0.62ML
structure appears to disprove the mercury coincidence net proposed by previous authors.
Our model proposes that some of the mercury atoms adsorb exactly in energetically
favourable four-fold hollow sites whilst some reside in sites slightly off the four-fold
hollow position. The Cu(100)/Hg-(3x3)-0.66ML structure is found to consist of two
domains, each containing mercury atoms adsorbed equally in both bridge and four-fold
hollow sites and differing only in the type of bridge sites occupied by the mercury
adsorbate atoms. Finally, the NIXSW data of the highest coverage Cu(100)/Hg-c(2x6)-
0.83ML structure, was found to indicate a model combining a slightly rumpled overlayer
with more than a monolayer of adsorbate atoms to fit the experimental NIXSW data

presented here.
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1 Introduction

1.1 9

o @

Surface science is concerned with the chemical composition and atomic arrangements of
solid surfaces. These chemical and structural properties are different from those of the
bulk material. Over the years many scientists have been driven by a desire to understand
why this is so. There are also many processes of technological significance that would
benefit from an enlightened and enhanced understanding of surface science, such as the
semiconductor (growth of crystals) and chemical industries (heterogeneous catalysts). By
developing one’s understanding of the simple surface processes (on clean and adsorbate
covered surfaces), it is possible to interpret how more complex surface processes occur.
Therefore, one of the most fundamental objectives of many areas of surface science
research is the quantitative determination of the surface structure, in particular the location
of specific adsorbate species. Such an understanding of the structure of a surface can be
the basis of a more detailed knowledge of the electronic and chemical characteristics of a

surface.

With the advent of modemn ultra-high vacuum (UHV) systems and experimental
techniques it is possible to maintain and study well ordered, contaminant free surfaces
throughout the duration of one's experiments. Such experiments need to be sensitive to the

first few atomic layers of a solid surface. There are many techniques now available



(Woodruff and Delchar 1994) to characterise a surface. In spite of the many techniques
used to characterise the structure of clean and adsorbate covered surfaces, no specific
technique can easily determine the structure of a surface. However, a combination of
techniques can provide a detailed description of the adsorption site, and other surface

phenomena.

1,2 Why Choose Mercury As An Adsorbate?

Mercury is a model adsorbate for chemisorption studies on metals and semiconductors. It
is an easily manageable monatomic vapour at room temperature which can be handled in a
gas line or generated from solid state sources in ultra-high vacuum (UHV). The only other
monatomic vapours at room temperature are the noble gases. For many substrates the
mercury overlayer is relatively weakly chemisorbed (100-200 kJ mol™), consequently this
chemisorption behaviour is similar to that of physisorbed rare gases (Dowben et al. 1990).
Therefore, the study of mercury as an adsorbate has the advantage that it spans the fields
covered by both detailed thermodynamic studies of rare gas physisorption on transition

metal surfaces and the structural and electronic studies of metal adsorption on metals.

As mercury is monatomic, it can not dissociate when it adsorbs onto metal surfaces.
Consequently it is an ideal adsorbate as it should be a less complex to study than
dissociating molecules. The resulting chemisorption bonds for mercury adsorption on
transition metal surfaces are weak enough to allow lateral adatom-adatom interactions to

2



transition metal surfaces are weak enough to allow lateral adatom-adatom interactions
to play a significant role alongside the adsorbate-substrate interactions. The subtle
interplay between these interactions for the adsorption of mercury on transition metal

surfaces produces a fascinating set of structures.

Mercury is a large adsorbate (Hg van der Waals diameter = 3.0 A) which exhibits
strong Hg-Hg lateral interactions when chemisorbed. Mercury exists in three forms
whilst in the solid state: a-Hg (Heine & Weaire (1966), Weaire (1968a) and Donohue
(1974)), B-Hg (Heine & Weaire (1966) and Weaire (1968a)), y-Hg (Weaire 1968b and
Donohue 1974). The two stable forms, a-Hg and B-Hg are respectively low pressure
rhombohedral and high pressure body centered tetragonal structures. The y-Hg form is
an unstable structured formed from a stressed a-Hg structure at 4 K and reverts back
to the a-Hg structure at 50 K (Donohue 1974). The closed electronic configuration of
(Xe)4f145d106s2 provides mercury with a high ionisation potential of 10.4 eV (Frost et
al. 1967), the highest ionisation potential of any metal. Such a closed shell
configuration would lead us to expect non-directional bonding and therefore a weak
corrugation in the mercury-substrate interaction energy. Considerable adsorbate-
adsorbate interactions are also to be expected when mercury is chemisorbed, as the
enthalpy of vaporisation (58.5 kJ mol™) at its boiling point (630 K) indicates
comparatively strong bonding in the pure element (Singh and Jones 1990a). The inert
characteristics and low boiling point of mercury are anticipated because of the two

tightly bound 6s electrons in the outermost orbital creating a stable free atom



configuration. The above properties indicate that mercury has both rare gas and
metallic behaviour when involved in adsorption on metal surfaces, thus creating a very

interesting adsorbate to study.

Mercury is an adsorbate of particular interest on some substrate surfaces, such as
Ni(111) (Singh and Jones 1989a), Cu(100) (Kime et al. 1992), and W(110) (Zhang et
al. 1993) because of its ability to undergo a two-dimensional metallic to non-metallic
phase transition. Mercury is also one of the few transition metal adsorbates which can
be studied under equilibrium conditions with its own vapour and forms both insulating
and metallic overlayers (Zhang et al. 1993, 1994). The ability of mercury to form
amalgams with a large proportion of the elements restricts the number of substrate
metals for which simple chemisorption is expected. These transition metals include Ni,
Fe, and W (Jones & Tong 1987). Mercury can amalgamate with copper at high
mercury concentrations, therefore it is essential to monitor the copper surface
crystallographic structure to ensure that this does not occur. Under ultra-high vacuum

conditions, such amalgamation does not occur.

The adsorbate structures formed when mercury adsorbs onto single crystal surfaces are
influenced by the size of the substrate unit mesh relative to the size of the mercury
adatom and substrate atoms. The initial growth of a mercury adlayer adsorbed onto
clean surface meshes larger than or comparable to the lattice constant of solid a-Hg

(2.99 A) has been found to be pseudomorphic, i.e. the adsorbate forms a structure



similar to that formed by the “next” substrate layer. Such surface meshes include the
rather large, open surfaces of the W(100) [Egelhoff et al. (1976) and Jones & Perry

(1979)], W(110) [Zhao et al. (1992)], Fe(100) [Jones and Perry (1981)], Cu3Au(100)

[Onellion et al. (1987)] and Ag(100) [Onellion et al. (1986), Varma et al. (1986),
Dowben et al. (1987a) and Onellion et al. (1987)] metals. This kind of adsorption
results in a (1x1) adsorbate structure dominated by the corrugation of the substrate-
adatom interaction. The repulsive, through space lateral interactions of the adsorbed
mercury atoms occur because the clean Fe(100) surface unit mesh (2.87 A) is slightly
smaller than the mercury adatoms. However, attractive adsorbate interactions are
observed when mercury is adsorbed on the larger W(100) surface (3.16 A). Such
attractive interactions are presumably due to through space orbital overlap at this
slightly larger separation. A (1x1) structure still forms (only at low temperatures) when

mercury is adsorbed on the (100) faces of silver (2.89 A) and CusAu (2.72 A).

In contrast, when mercury is adsorbed on slightly smaller substrate meshes, such as
Ni(100) [Jones and Tong (1987), Prince et al. (1989) and Poulsen et al. (1994)] and
Cu(100) [Dowben et al. (1990a and 1990b), Kime et al. (1992), Li et al. (1992a)
Onellion et al. (1987)], the adsorbed mercury atom is too large to adsorb into adjacent
(1x1) sites on the Cu(100) (2.55 A) and Ni(100) (2.49 A) surfaces. Consequently,
c(2x2) structures are formed at lower coverages (up to 0.5ML) which develop into

more complex structures at higher Hg exposure.



Mercury forms a weak chemisorption bond (100-200 kJ mol™) with many metal
surfaces such as Fe(100), W(100), Ni(100), Cu(100) and a particularly weak bond with
Ag(100). The chemisorption of mercury on the Si(111) surface at 110 K has also been
reported by Li et al. (1992 and 1993). A (\/3x\/3)R30° structure was formed at low
coverage and a (I1x1) LEED pattern was observed at higher coverages. The
chemisorption of mercury on the Si(111) surface is thought to be much stronger than
that for metals due to the presence of mercury atoms after flashing the surface to 1523
K (Li et al. 1993). The presence of these mercury adatoms is also thought to be due to

the diffusion of mercury atoms into the bulk Si.

1.3 Wh The NIXSW Technique?

In the many qualitative structural studies conducted on mercury adsorption on single
crystal metal surfaces the mercury adatom was assumed to occupy the highest co-
ordinated hollow site on each structure for the commensurate structures formed.
However, it has never been conclusively shown that the mercury adatom always
occupies the highest co-ordinated hollow site on each structure. Therefore a structural
study which provided quantitative results could produce one of the many missing (or
ambiguous) pieces in the search for the true picture of mercury adsorption. It has been
shown previously (Prince et al. 1989, Liidecke et al. 1996) that the X-Ray standing

wavefield techniques can possibly find some of these missing pieces due to its ability to



locate the position of the adsorbate atom relative to the extended substrate scattering

planes.

The normal incidence X-Ray standing wavefield (NIXSW) technique is relatively new
(Woodruff et al. 1987) and involves the measurement of the photoabsorption by atoms on
the surface in an X-Ray standing wavefield. The NIXSW technique allows information on
the local surface structural environment to be obtained without the need for long range
order of the adsorbate layer, by only requiring a well ordered substrate and is therefore of
significant use in surface science. Normal incidence to the relevant reflecting planes
removes many of the restrictions of instrumentation and crystal perfection (Cowan et al.
1980, Patel et al. 1987, Woodruff et al. 1988 and Kerkar et al. 1992a). The NIXSW
experiments can be performed using existing SEXAFS equipment at synchrotron radiation
facilities (Bradshaw 1990). The information obtained from the NIXSW method is an
adsorbate-substrate layer spacing. Hence, the position of the substrate or the adsorbate
atom relative to particular reflecting planes can be determined by measuring the X-Ray
absorption of the substrate or adsorbate atom as the wavefield is shifted. By using two or
more reflecting planes a real space triangulation of the atomic position into a particular
site is possible. Of course, any additional information from LEED and especially chemical

bond lengths also aids determination of the adsorption site.



More complex, large surface mesh structures involving multiple site occupation can
also be studied by the NIXSW technique, but not so easily. Therefore one can
distinguish between the various structural models of adsorbate systems using this
technique and complement the large amount of information available from studies using

various other surface science techniques.

The (111) and (111) planes are used in the Hg/Ni(111) adsorption system. The (111)

plane at an angle of 70.5° to the (111) surface of the substrate makes this reflection
highly sensitive to positions parallel to the surface. The (200) and (111) planes are used
in the Hg/Cu(100) adsorption system. The (200) reflection is sensitive to distances
perpendicular to the surface and the (111) reflection (for which the scattering planes lie

at 54.73° to the surface) is sensitive to distances parallel to the surface.

The NIXSW technique has been used to eliminate the possibility of adsorption in the
high co-ordinate adsorption sites for several systems, such as the low temperature
occupation of the atop site by Rb adsorbed on Al(111) (Kerkar et al. in 1992 and
Scragg et al. in 1994). For qualitative structural analysis of mercury adsorption, the
adatom is implicitly assumed to occupy the high-symmetry hollow sites on each surface
in the commensurate structures with one exception. The less well studied adsorption of
mercury on Ni(100) (Jones & Tong 1987, Prince et al. 1989, Poulsen et al. 1994) has
had two structural investigations applied to the c¢(2x2) surface. In the first structural

study the NIXSW method (Prince et al. 1989) was applied to the ¢(2x2) structure at



room temperature using just the (200) reflection. Prince et al. (1989) found an apparent
occupation of the two-fold bridge sites by the adsorbed atom by the standing X-Ray
wavefield analysis of the c¢(2x2) mercury phase on Ni(100). This adsorption site was
derived using the Ni-Hg interlayer distance in conjunction with an assumed Ni-Hg nearest
neighbour spacing. However, the second, transmission ion channelling study (Poulsen et
al. 1994), carried out at 115 K showed that the mercury was actually adsorbed in the four-
fold hollow site and not the 2-fold bridge sites. By studying the mercury adsorption on the
Cu(100) surface, we may be able to gain insight into the true adsorption behaviour on a
(100) surface. From there it may be possible to obtain an understanding of the mercury

behaviour for the ¢(2x2) Hg/Ni(100) structure.

1.4 Previous Studies of the Hg/Ni(111) Adsorption System

Mercury adsorption on Ni(111) has been extensively studied both experimentally
and theoretically (Singh 1989, Singh and Jones 1988, 1989a, 1989b, 1990a, 1990b,
and Singh et al. 1993). The Hg/Ni(111) system is thought to be characterised by a
combination of weak corrugation and strong lateral interactions. The Ni(111) crystal
surface was chosen because of its small unit mesh and hexagonally close packed
structure. When mercury is adsorbed on the Ni(111) surface both equilibrium and
non-equilibrium structures can be formed (Singh and Jones 1990b). The Hg/Ni(111)

structures produce a large number of well-defined LEED patterns. These structures

9



and hence LEED patterns are dependent on temperature, coverage and whether the
surface is under kinetic or thermodynamic control. The Hg/Ni(111) surface structures
consist of a two-dimensional monatomic chemisorbed system in which two structural
phases can exist. LEED patterns indicate that these are a hexagonal phase and a

pseudo-square phase.

The four thermodynamically stable structures of the Hg/Ni(111) adsorption system
have been previously investigated using predominantly LEED, Auger Electron
Spectroscopy (AES) and Angle Resolved Photoelectron Spectroscopy (ARPES).
These structures are the p(2x2)-0.5ML structure, the (\V3xV3)R30°-0.33 ML structure,
the p(2x2)-0.75ML structure and the “c(2V3x2V3)R30°-0.64ML. The following is a
summary of the results and conclusions obtained from these various investigations.
Such information (LEED patterns and phase diagrams) is necessary for the correct

formation of the required adsorbate structures to be studied by the NIXSW technique.
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The (V3xV3)R30°-0.33 ML structﬁre was proposed to consist of mercury atoms in the
three-fold hollow sites, with one mercury atom per unit mesh (figure 1.4.1). The
adlayer shown in figure 5.1.1 can be moved laterally across the nickel surface to atop,
or two-fold bridge sites and still preserve the (¥3xV3)R30°-0.33 ML structure. The
band structure calculations (Singh et al. 1993) could provide no distinction between
the two proposed sites (atop or bridge). Another paper (Singh and Jones 1988)
suggested that the mercury forms islands, and the mercury atoms reside in three-fold
hollow sites. Therefore, the position of the mercury atom in the (V3xV3)R30°-0.33 ML
structure still remains conjecture and is therefore to be investigated here. The Hg-Hg
distance was shown to be 4.31A (Singh and Jones 1988, 1990a) and the adlayers were

shown to exhibit attractive Hg-Hg interactions.

11



Figure 1.4.1. A possible structure for the Ni(111)-(N3xV3)R30°-Hg structure taken
from Singh and Jones (1990a). The stippled circles represent mercury atoms, while a

and b refer to the substrate and adlayer nets, respectively.



The p(2x2)-0.5ML structure consisted of open hexagons of mercury sitting in three-
fold hollow sites (figure 1.4.2). These hexagons are made up of mercury atoms half in
FCC sites and half in HCP sites along with a "hole" in the middle of each hexagon over
a one-fold atop site of sufficient size to accommodate another mercury atom. It was
also suggested that island structures were formed at a coverage of 0.45 ML prior to
the formation of the p(2x2)0.5ML structure. The structure was also thought to have a

Hg-Hg distance of 2.87 A, and two atoms per unit mesh.

Figure 1.4.2. A possible structure for the Ni(11 1)-p(2x2), 0.5ML-Hg structure taken
from Singh and Jones (1990a). The stippled circles represent mercury atoms, while a

and b refer to the substrate and adlayer nets, respectively.



As for the p(2x2)0.5ML structure, the higher coverage p(2x2)0.75ML structure was
thought to consist of hexagons of mercury sitting in three-fold hollow sites, half in
FCC sites and half in HCP sites (figure 1.4.3a). The "hole" in the middle of each
hexagon was filled with a mercury atom located in an atop site. The mercury atoms
therefore form a hexagonally close packed raft rotated 30° with respect to the
substrate, this raft is not flat, but probably slightly buckled (Singh et al. 1993) due to
the mercury atom in the atop site. The structure was also thought to have a Hg-Hg
distance of 2.87A (Singh and Jones 1988, 1989a, 1989b and 1990b) and have metallic

behaviour due to the close proximity of the mercury atoms (Singh et al. 1993).
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"c(2V3 x 2V3)R30°" structure
lCZl = 2-\}3!ﬂll

o=120°

Figure 1.4.3. (a) A real space structure for a perfect Ni(111)-c(2V3x2V3)R30°-Hg
structure taken from Singh and Jones (1989a). The mercury adatom net, b, coincides
with the underlying nickel net, a. (b) A real space structure for the Ni(111)-p(2x2),
0.75ML-Hg structure taken from Singh and Jones (1989a). The mercury net, b, 1s
hexagonal and coincides with the nickel net to form the p(2x2). For (a) and (b), the
stippled circles represent mercury atoms, while the open circles represent the nickel

atoms.



The pseudo-square compression “c(2\/3x2\/3)R30°” adlayer (figure 1.4.3b) can be

described using the real space matrix G, where

1—
G 1 ( X x)
1-2x\ x 1-x

and x = 0.18 (Singh and Jones (1990b). This x = 0.18 structure is referred to as the
“c(2\/3x2\/3)R30°” structure, as it is not quite the true coincident c(2V3x2V3)R30°
structure formed at x = 1/6 with a coverage of 2/3 ML and an internal unit mesh angle of
98¢ (Singh 1989). The structure was also proposed to have a Hg-Hg distance of 2.87A. It
was thought (Singh et al. 1993) that the metallic pseudo-square structure had a better

packing geometry, and a larger Hg-Hg spacing than the hexagonal structure.

During adsorption the mercury atoms were thought to travel freely over the pre-adsorbed
mercury in the precursor state, but at 323 K the mobility on the clean surface was
thought to be restricted. Such restricted behaviour at this temperature would lead
one to expect a high diffusion barrier at 323 K to restrict the mobility of the mercury
atoms. Therefore the mercury atoms must adsorb into the first available three-fold hollow
site available, thus forming the p(2x2)-0.5ML structure. At 351 K, the mobility of the
mercury atoms was thought to increase and therefore the mercury atoms were
able to form the more thermodynamically stable (V3xV3)R30° structure. Theoretical

band structure calculations (Singh et al. 1993) have shown that the phase transitions
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were mainly dominated by the Hg-Hg lateral interactions and only slightly affected by the
substrate, Ni(111). The higher coverage p(2x2)-0.75ML structure was analysed at 250 K
and the remaining structures were analysed at room temperature, all using AES, LEED,

UPS, and work function measurement techniques.

The investigation of mercury adsorption on the Ni(111) surface could possibly provide an
insight into whether the adsorbate surface structures are dominated by the lateral Hg-Hg
interaction. We describe the NIXSW studies of the (¥3xV3)R30° - 0.33ML,
p(2x2) - 0.5ML and “c(2\/3x2\/3)R30°” - 0.64ML structures (Singh 1989, Singh and

Jones 1988, 1989a, 1989b, 1990a, 1990b, and Singh et al. 1993).

1.5 Previous Studies of the Hg/Cu(100) Adsorption System

The studies of mercury adsorption on Cu(100) have been predominantly concerned
with the electronic and thermodynamic properties of the adsorbate structure.
Consequently, the majority of the structural information presently available regarding
this adsorption system has usually been inferred from qualitative information, such
as two dimensional LEED patterns. Therefore the adsorption positions of the mercury
atoms have been assumed to be high symmetry sites. Hence the NIXSW technique has
been applied to the Hg/Cu(100) system in order to identify the adsorption site. The

Cu(100) surface has a much greater corrugation (Dowben et al. 1991) than the
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hexagonally close packed Ni(111) surface. Consequently, the interaction of the
adsorbate with the substrate is likely to be important in determining the adsorbate
structure formed. One would anticipate distinctive behaviour from the Hg/Cu(100)
adsorption system due to the size of the mercury adatoms combined with the weak
chemisorption expected resulting in competition between the adsorbate-adsorbate and

adsorbate-substrate interactions.

The mercury adlayer is thought to adopt the square structure of the Cu(100) surface
(Onellion et al. 1987). There are two equilibrium structures, ¢(2x2) and c(4x4), and
several non-equilibrium structures, c(2x2) c(4x4), (3x3) and c¢(2x6) formed when
mercury is adsorbed on the Cu(100) surface. The structures have been mainly studied
by atom beam scattering (ABS), angle resolved photoemission spectroscopy (ARPES)
and LEED techniques (Biham et al. 1993, Dowben et al. 1990a, 1990b, 1991,
Hutchings et al. 1990, Kim et al. 1995, Kime et al. 1992, Li et al. 1991a, 1991b, 1992,
Li & Vidali 1993, Moses et al. 1992, Onellion et al. 1987, Varma et al. 1990 and Vidali
et al. 1990, 1991). There is thought to be a narrow coexistence range between the two

equilibrium ¢(2x2) and c(4x4) phases (Hutchings et al. 1990).

The equilibrium Cu(100)-¢(2x2)-Hg-0.50ML structure was thought to consist of
mercury atoms in the four-fold hollow sites (Figure 1.5.1). This structure maintained
the square geometry of the substrate surface and contained one mercury atom per unit

mesh.
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Figure 1.5.1. The equilibrium Cu(100)-c(2x2)-Hg-0.50ML structure taken from Kime
et al. (1992). The Cu substrate is denoted by a ( + ), the Hg atoms sit at the
intersections of the overlaying crossed lines. The ( @ ) indicate the coincident net from

which the nomenclature is derived.

The equilibrium Cu(100)-c(4x4)-Hg-0.62ML structure was proposed to consist of a
real space coincidence net structure with the mercury atoms located in a combination

of four-fold hollow and low symmetry sites (Figure 1.5.2). The mercury adlayer was

thought to be slightly uneven (i.e. not flat) (Dowben et al. 1991) due to the size of the

mercury atom.

19



Figure 1.5.2. The equilibrium Cu(100)-c(4x4)-Hg-0.62ML structure taken from Kime
et al. (1992). The Cu substrate is denoted by a ( + ), the Hg atoms sit at the
intersections of the overlaying crossed lines. The ( @ ) indicate the coincident net from

which the nomenclature is derived.

As for the non-equilibrium structures, the Cu(100)-(3x3)-Hg-0.66ML (Figure 1.5.3)
and Cu(100)-c(2x6)-Hg-0.83ML (Figure 1.5.4) structures were thought to consist of a
combination of high symmetry sites (four-fold or atop) and low symmetry sites. This
would therefore produce a 1:1 and 1:4 ratio of high symmetry to low symmetry sites

for the (3x3) and c¢(2x6) structures respectively.
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Figure 1.5.3. The non-equilibrium Cu(100)-(3x3)-Hg-0.66ML structure taken from
Kime et al. (1992). The Cu substrate is denoted by a ( + ), the Hg atoms sit at the
intersections of the overlaying crossed lines. The ( © ) indicate the coincident net from

which the nomenclature is derived.

Figure 1.5.4. The non-equilibrium Cu(100)-¢(2x6)-Hg-0.83ML structure taken from
Kime et al. (1992). The Cu substrate is denoted by a ( + ), the Hg atoms sit at the
intersections of the overlaying crossed lines. The ( @ ) indicate the coincident net from

which the nomenclature is derived.
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2 Theory

2.1 The Normal Incidence X-Ray Standing Wavefield (NIXSW) Technique

The Normal Incidence X-Ray Standing Wavefield (NIXSW) technique is a powerful
tool which allows information on the local surface structural environment to be
obtained by monitoring the X-Ray absorption of surface atoms. Such absorption can be
monitored by various methods sensitive to surface composition, such as X-Ray
Photoelectron Spectroscopy (XPS), thus making this technique sensitive to specific
elements on a crystal surface. Consequently, this technique exploits both the
advantages X-Ray diffraction for bulk structural analysis and the surface sensitivity of

XPS to provide a very distinct method of surface structural determination.

The basis of this technique is an X-Ray standing wave, produced by Bragg
reflecting coherent incident and scattered X-Ray waves from a series of lattice planes
inside a crystal (figure 2.1). These reflected X-Rays constructively interfere
producing an X-Ray standing wavefield (figure 2.3). The intensity of the wavefield
produced is parallel to and has the same periodicity as the reflecting lattice planes (for
a first order diffraction event) that created it (Cowan et al. 1980 and Patel et al. 1987).
The coherent standing wavefield generated extends several thousands of angstroms

into the bulk and out of the surface. The total reflectivity of the Bragg scattered beam
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observed for the scattering angle or photon energy over which the Bragg condition
occurs is limited by the finite penetration (“extinction”) depth of the X-Rays caused by
the backscattering of the crystal. Within this range the relative positions of the
incoming and outgoing X-Rays determine the phase of the standing wavefield relative
to the substrate scatterer planes. Consequently a systematic shift in the phase by half its
periodicity would move the nodes and antinodes of the wavefield progressively by half
the lattice spacing. Therefore, if one measures the absorption of the X-Ray standing
wavefield by specific atoms whilst scanning through the Bragg condition within the
range of its existence, it is possible to determine the location of these atoms relative to
the extended substrate scatterer planes. The surface specificity of this technique
typically comes from monitoring the core level photoemission or Auger electron
emission following the X-Ray absorption by the particular surface elemental species in

question, i.e. the adsorbed atom.

1J
(V)



Incident Reflected
X-Ray Beam  X-Ray Beam

Nodes/Antinodes Of Intensity
of the X-Rays
(Depending upon the position
of the atoms with respect to the
scatterer planes)

“* Lattice Points

Figure 2.1. The standing X-Ray wavefield, where incident and reflected wavefronts

intersect, thus giving regions of maximum and minimum amplitude.

For Bragg reflection to occur, the angle that the incident beam makes with the plane, 6
must be equal to the that made by the reflected beam. The reflections from the several

Bragg planes must meet in phase, that is they must satisfy the Bragg equation

2d,;sin@ = nA (2.1.1)

where d__ is the lattice spacing, 0 is the incidence angle with the atomic plane, A is the

wavelength of the incident photon, and n is an integer (figure 2.2).
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Incident X-Ray Reflected X-Ray

%3

Figure 2.2. A diagram showing the Bragg reflection of an X-Ray at an atomic plane.

Performing the X-Ray standing wavefield experiment at normal incidence (or very
close) to the relevant reflecting planes removes many of the restrictions of
instrumentation and crystal perfection (Cowan et al. 1980, Patel et al. 1987 and
Woodruff et al. 1988a). Therefore, the standing X-Ray wavefield (SXW) technique
(Batterman 1964, 1969) was modified by Woodruff and co-workers (Kerkar et al.
1992a, 1992d, 1992f, Prince et al. 1990 and Woodruff et al. 1987, 1988a, 1988b,
1993) to produce the Normal Incidence X-Ray Standing Wavefield technique. The
advantage of the NIXSW technique is that it uses softer X-Rays than the SXW
technique (Poulsen et al. 1994, Gog et al. 1994, Ohta et al. 1985, Etalaimemi et al.
1993). The higher energy X-Rays used in the SXW technique (e.g. Mo Ka X-Ray

emission at 17.5 keV) mean that the value of © (the angle between the beam and the



crystal planes) is small and the angular range of the total reflectivity is only a few arc-
seconds. Consequently the X-Ray beam must be highly monochromatic and
collimated, and there should only be limited mosaicity in the crystal. The mosaicity of a
crystal is determined by how perfectly the atomic layers positioned relative to one
another, so the lowest mosaicity can be obtained for more perfect crystals such as

semiconductors.

At normal incidence (0 = 90°) the Bragg condition passes through a turning point in
its dependence on the incidence angle, 8. Consequently, because dsin0/d0 is zero, the
Bragg condition becomes very insensitive to the exact value of the incident angle. This
makes the technique rather insensitive to limited incident beam collimation (Woodruff
et al. 1987 and 1988a), with no significant difference in the NIXSW profile up to a
broadening of approximately 0.5 eV. It also allows for an angular range of total
reflectivity as much as 1° at 8 = 90° (Woodruff et al. 1988a). The angular dependence
of the SXW technique limited it to studying crystals based on semiconductor materials,
which have the necessary degree of crystalline perfection. Due to the insensitivity of
the technique to angular spread of up to 1°, the mosaic width of the crystal can be of
the order of 0.5° and have no significant effect. Therefore metallic substrates can be

studied with no significant loss of signal.
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For the normal incidence technique, both theory and experiment are made simpler if
the Bragg condition is scanned in energy, rather than in angle. This removes the need
for a high precision goniometer, and the total reflectivity can be of the order of 1eV. A
disadvantage of this technique is that only wavelengths equal to 2d, (from the Bragg
equation, nk = 2d_sin6, and © = 90° for normal incidence) can be used. Therefore the
energy of the light used to scan the Bragg energy is fixed and determined by the crystal

used.

2.1.1 Basic Theory of NIXSW

The basic theory of the NIXSW technique is outlined below. A more exhaustive
treatment of the theory of both the NIXSW (Woodruff et al. 1988a, 1994) and the
SXW (Batterman 1964 and 1969, Hertel et al. 1985, and Zegenhagen 1993b)
technique can be found elsewhere. The full dynamical analysis of the diffraction carried
out by Batterman (1964) indicated that the finite penetration of the wavefield leads to a
finite range (and offset) in the incidence angle (or wavelength) over which total
reflectivity can be obtained and the standing wavefield can be produced. Within this
range, the phase of the standing wave shifts systematically in relation to the scatterer
planes by 180° for half the bulk layer spacing. This analysis took account of the

attenuation of the incident X-Ray wavefield as it penetrates the solid.



The location of the absorber atoms in the standing wave-field relative to the reflecting
planes determines the absorption of the incident X-Ray flux by the absorber atom in

question (see figure 2.3). The intensity of the standing X-Ray wavefield is equal to the

square of the amplitude of the wavefield.

Inteilsity (Vzm'z) Amplitude (Vm‘l)

_‘ Extended Substrate
Scatterer Atom Planes

Surface
dy

o0 000

Substrate

o0 0 00—
— @@ @@ @i plancs

—
—
—
—
O<

Amplitude assumes
periodicity of atomic
layers

Atoms

Figure 2.3. A diagram showing the amplitude (E), and the intensity (I) of the X-Ray
standing wavefield relative to the periodicity of the atomic layers. The height above the
extended scatterer planes is represented by z and the separation of the hkl planes is

represented by du.
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Figure 2.4 shows a schematic diagram for the idealised case of no absorption in the
solid (see A in figure 2.4). For absorber atoms located on the scatterer planes, the
antinodes of the standing wavefield lie midway between the scatterers causing the
absorption to be zero. At the opposite end of the range (i.e. on the other side of the
Bragg energy), the antinodes lie on the scatterers causing absorption four times the
average absorption (the amplitude is double, and the intensity is equal to the square of
the amplitude), (see B in figure 2.4). The profile is inverted for absorber atoms located
midway between the scatterer planes, (see C in figure 2.4). This photoabsorption is
measured using Auger and photoelectron detection techniques, whereas X-Ray

fluorescence has been used in the past to monitor the absorption in SXW experiments.
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A - Reflectivity

B - Absorption for Atoms Located
on the Scatterer Planes
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Figure 2.4. A diagram illustrating the Bragg condition for the standing X-Ray

wavefield technique, for the idealised case of no absorption in the solid.
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For the simple case of a single diffracted beam and a non-absorbing crystal (i.e. the
classical two-beam interference problem) the intensity of the diffracted beam will vary
spatially between zero and four times that of the incident beam. The intensity of the

X-Ray standing wave at a vector position (i.e. absorber location) r, is given by

I=| 1+(Ew/Eo)exp(-2miH.r) | 2 2.1.1.1)
where Eu/E is the amplitude of the electromagnetic field and H is the reciprocal lattice
vector associated with the Bragg reflection being studied (Woodruff et al. 1988a).
This can be re-expressed in terms of the perpendicular distance from the atomic

scattering planes, z, which are separated by the distance dy, where H is the indices of

the reflection. Therefore,

I= | 1+(Ex/Eo)exp(-2miz/dy) | 2 (2.1.1.2)

This is the basic equation governing the normal incidence X-Ray standing wavefield

experiments (Woodruff et al. 1988a).
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The amplitude (Ew/Eo) of the electromagnetic scattered wavefield relative to the
incident one can be expressed in terms of the geometrical structure factors Fy, and Fyy

for the H (incident) and H' (diffracted) reflections (Woodruff et al. 1988a).

Ew/Eo= —(Fw/Fr) *[Int(n*-1) %] (2.1.1.3)

where 1 is a displacement parameter related to the variable (either angle or energy)

which is used to scan through the Bragg peak.

For the original form of the experiment, where the grazing angle 0s is varied close to

the Bragg angle O by a difference A6, the displacement parameter 7 is given by,

n=[AOsin(205) + TFo)/ | P | T(FuFyr) (2.1.1.4)

where F, is the structure factor for the (000) reflection (i.e. the uninterrupted path of
the X-Ray beam through the crystal), P is the polarisation factor (P = 1 for o

polarisation, and P = cos(0g) for m polarisation), and

T = (e¥/4ngomc?)A */mV (2.1.1.5)
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where e and m are the charge and mass of the electron, g, is the permittivity of free

space, c is the velocity of light, A is the X-Ray wavelength, and V is the volume of the

unit cell.

The centre of this range (where 1 = 0) is offset from 8s by the term I'Fy, thus giving
an offset in the angle, ABg (equal to I' Fo/sin(20g)). Equation 2.1.1.6 indicates that the

range of AOg over which the total reflectivity condition occurs is

range(ABs) = [ | P | T(FuFyr) "¥/sin(20p)] (2.1.1.6)

For low atomic number elements, the scattering factors are low, the wavelength is
short, or the unit cell is larger. Hence the range of ABgis small, thus giving a narrow
rocking curve. This sets constraints on instrumentation as the measurement and
control of the incidence angle must be very nearly perfect. The crystal’s mosaicity
must be smaller than (or comparable to) the rocking curve if the effect is to be

monitored.

In order to overcome the mosaicity problem, one can choose to work at (or very close
to) normal incidence to the scatterer planes. However, equation 2.1.1.6 cannot apply
at Bg=90° (sin (20g) — 0), as AE is no longer linear in A9 for 65 ~90°. For 05 close

to 90°, the rocking curve can become quite complex as the two Bragg conditions on
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either side of 90° approach one another, therefore the scattering condition is scanned

in energy. The range of photon energy over which the standing wave is established is

range(AE) = +[E | P | T(FuFy) "%/2sin?(205)] (2.1.1.7)

As for equation 2.1.1.7, n is not linear in ABg for 85 ~90°, hence the n parameter is

also scanned in energy, thus giving

N = [-2(AE/E)sin®(8s) + TFo)/ | P | T(FxeFar) 2 (2.1.1.8)

This is the displacement parameter for our experiment where the energy of the incident
X-Ray beam is varied around the Bragg energy, E, by an amount, AE (Woodruff et al.

1988a).

Equation 2.1.1.8 shows that 1} remains linear in AE, even at 0s = 90°. The centre of the

reflectivity range is offset from the nominal Bragg energy by T'FoE/(2sin’(Og)).



Thus giving

range(AE) = +[E | P | [(FyFir) Y%/2sin’(205)] (2.1.1.9)
where AE is the energy range of the total reflectivity and is only a weak function of 0.
The amplitude (Ew/E¢) of the electromagnetic scattered wavefield relative to the

incident one can also be expressed as the square root of the reflectivity, R, multiplied

by a phase factor (Equation 2.1.1.10).

Ew/Eo = VRexp(id) (2.1.1.10)

This expression can be substituted into equation 2.1.1.2. to give a new expression for
the intensity of the wavefield, I (Equation 2.1.1.11)

I=| 14+R + 2VRcos(¢-2nz/dy) | > 2.1.1.11)
It should be noted that both R and ¢ are functions of the photon wavelength (or

incident angle) and therefore vary as the Bragg condition is scanned to provide the X-

Ray standing wavefield profile.
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Equations 2.1.1.1. to 2.1.1.11. apply to analysis for an absorber sat in a single site on a

rigid lattice. For a distribution of possible adsorbate positions (due to several different

discrete sites, or vibrational or static disorder, or both) one has to use a distribution of

z values with a probability f(z)dz of a given value with a range dz about the value z.

Therefore the integral over the total probability incorporates all the adsorbate

positions, z from z=0 (an adsorbate positioned directly where the surface atoms are

situated) to z=dy (an adsorbate atom positioned exactly where the next layer of

substrate atoms would occur). The normalisation of this integral is equal to unity, thus

giving

du
[f(z)dz=1
0

Thus for the X-Ray standing wavefield absorption profile
d 2
[ =1+ R+ 2VR [f(z) cos(¢-2nz/dy) | *dz
0

which can also be written as

I = 14R + 2f,VRcos(¢-2nD/dy)

2.1.1.12)

(2.1.1.13)

(2.1.1.14)

(FP]
(@)



where the two parameters that totally define the structural dependence of the measured
absorption profile emerge from the analysis of the experimental data. These are the

coherent position, D (where the fractional coherent position, Ad = D/dy) and the

coherent fraction, f,.

Equation 2.1.1.14. can also be written as

I = (1-£)(1+R) + £[1+R+2VRcos(¢-2nD/dy)] (2.1.1.15)
Equation 2.1.1.15. illustrates the fact that the absorption profile consists of a coherent
part (identical to the equation for the single site 2.1.1.11.) and an incoherent part (the
sum of the incident and reflected beam intensities, multiplied by a factor 1-f;).
A relationship between the measured quantities and the actual spatial distribution

function can be found by comparing equations 2.1.1.13. and 2.1.1.14. This can be seen

in equation 2.1.1.16.

f.cos(¢-2nD/dg) = j £(D)cos(¢p-2nD/dy) dD (2.1.1.16)

where f, can be considered as the first component in a Fourier series representation of

f{iD). Also, f, contains the coherent position through a phase factor.
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In the remainder of this analysis, it is more convenient to use complex numbers.

Therefore by expanding the cosine summations in equation 2.1.1.16. one obtains the

following

[2):4
cosdpf.cos2nD/dy + sindf.sin2nD/dy = cosd j f(D)cos(2rnD/dy)dD
0

+sin j F(D)sin(27D/dy)dD (2.1.1.17)

which must be true for all values of the phase, ¢ (Woodruff et al. 1994). The phase, ¢
varies as the Bragg condition 1s scanned. Sine and cosine have opposite parity. Hence,
equation 2.1.1.17. is only satisfied if both coefficients of sine ¢ and cosine ¢ can be

equated, thus giving rise to equations 2.1.1.18. and 2.1.1.19.

da
cospf.cos2nD/dy = cosd I f(D)cos(2rD/dg)dD (2.1.1.18)
0

du
sindf,sin27D/dy = sind j £(D)sin(2nD/dy)dD (2.1.1.19)
0
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If equation (2.1.1.19) is multiplied by i (that is V-1), this resulting equation is summed

with (2.1.1.18) to obtain a complex expression for which both real and imaginary parts

must be equal, the following expression is obtained.
du
fuexp(27iD/dy) = | 7(D) exp(2niD/dy)dD (2.1.1.20)
0

This equation can be used to construct a simple graphical representation of the way in
which the measured quantities f. and D relate to the integral over a real space
distribution function (see section 2.1.3). In brief, an Argand diagram can be used to
represent each layer spacing in the spatial distribution with a vector whose direction is
defined by the phase angle 2nD/dx relative to the positive x axis. The length of this
vector is equal to the probability of that phase angle, f{D). The resultant (vector
summation of the component vectors) has a length equal to the coherent fraction £,

and a phase angle equal to 2nD/dy (or 2Ad).
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Figure 2.5. A schematic diagram illustrating the two types of disorder that affect the
value of the coherent fraction. Dynamic disorder, where the position of the adsorbate,
r can be approximately represented by a continuous function, and static disorder,

where there are several discrete positions (1, 12, and 13 etc.) for the adsorbate.

The coherent fraction gives an indication of the uncertainty of the adsorbate atom's
position relative to a reflecting plane. The value of the coherent fraction is affected by
the thermal vibrational motion (dynamic disorder) of the adsorbate, and the range of
positions that the adsorbate might have (static disorder) (figure 2.5.). Therefore a
coherent fraction of 1 indicates that the adsorbate atom has no thermal vibrational

motion, and all the adsorbate atoms are located in one particular type of site.



Calculations for the Cu(100) crystal in the (200) and (111) Bragg reflection planes

would produce analogous profiles to those shown in figures 2.6 to 2.9.

Figure 2.6. illustrates how the theoretical NIXSW absorption profiles would change
for varying values of the coherent fraction. These absorption profiles were calculated
for Ni(111) using a mosaic width of 0.1°, an energy width of 0.8 eV, a lattice spacing
of 2.036 A, a Debye-Waller factor of 1.0 and assuming Az to be 0.00 A. The
theoretical NIXSW absorption profiles for the (111) and (111) reflections are
identical for the Ni(111) surface. It can be seen that various values of the coherent

fraction produce absorption profiles with significantly different size and shape.

Figure 2.7. shows how the theoretical NIXSW absorption profiles would vary for
different values of the perpendicular distance (i.e. the coherent position) of the
adsorbate from the atomic scattering planes. These profiles were calculated for
Ni(111) in the (111) Bragg reflection plane using a mosaic width of 0.1°, an energy
width of 0.8 eV, a Debye-Waller factor of 1.0, a coherent fraction of 1.0 and a lattice
spacing of 2.036 A. The fact that the absorption peak shifts and changes in profile as
the absorber location changes, provides the basis of the X-Ray standing wavefield

absorption technique.
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Figure 2.6. The theoretical NIXSW absorption profiles for varying values of the
coherent fraction calculated for Ni(111). A mosaic width of 0.1°, an energy width of

0.8 eV, a lattice spacing of 2.036 A, a Debye-Waller factor of 1.0 and Az of 0.00 A

were used.
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Figure 2.7. The theoretical NIXSW absorption profiles change for varying values of
the fractional perpendicular distance of the adsorbate from the atomic scattering
planes calculated for Ni(111) in the (111) Bragg reflection plane. A mosaic width of

0.1°, an energy width of 0.8 eV, a Debye-Waller factor of 1.0, a coherent fraction of

1.0 and a lattice spacing of 2.036 A were used.



Figure 2.8. indicates how the theoretical NIXSW absorption profiles differ for
changing values of the mosaic width. These absorption profiles were calculated for
Ni(111) in the (111) Bragg reflection plane using an energy width of 0.8eV, a lattice
spacing of 2.036 A, a Debye-Waller factor of 1.0, a coherent fraction of 1.0 and
assuming Az to be 0.00 A. The similarities in the profiles show the tolerance of the

experiment to angular imperfections.

Figure 2.9. displays how the theoretical NIXSW absorption profiles change for
different values of the energy broadening of the X-Ray beam. These NIXSW
absorption spectra were again calculated for Ni(111) in the (111) Bragg reflection
plane using a mosaic width of 0.1°, a lattice spacing of 2.036 A, a Debye-Waller factor
of 1.0, a coherent fraction of 1.0 and Az of 0.00 A. It can be seen that the energy
broadening (i.e. the energy resolution) of approximately leV causes a significant

attenuation and broadening of the line shape.
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Figure 2.8. The theoretical NIXSW absorption profiles change for varying values of
the mosaic width calculated for Ni(111) in the (111) Bragg reflection plane. An
energy width of 0.8eV, a lattice spacing of 2.036 A, a Debye-Waller factor of 1.0, a

coherent fraction of 1.0 and Az of 0.00 A were used.
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Figure 2.9. The theoretical NIXSW absorption profiles change for varying values of
the energy broadening of the X-Ray beam calculated for Ni(111) in the (111) Bragg
reflection plane. A mosaic width of 0.1°, a lattice spacing of 2.036 A, a Debye-Waller

factor of 1.0, a coherent fraction of 1.0 and Az of 0.00 A were used.



2.1.2 Argand Diagram Analysis of NIXSW Data

The theoretical explanation as to how the Argand analysis relates to the NIXSW
theory has already been explained in section 2.1.1. In this section, we will discuss how
various structural properties of a system can be derived from the Argand diagrams, and

therefore facilitate relatively easy analysis through their distinguishability.

The Argand analysis method used to analyse our NIXSW data has already been
described by Woodruff et al. (1994). Equation 2.1.1.20 can be used to construct a
simple graphical representation of the way in which the measured quantities f; and z

relate to the integral over a real space distribution function.

fiexp(2nD/dy) = [ £(D)exp(2nD/dz)dD (2.1.1.20)

Therefore, an Argand diagram (figure 2.10) can be used to represent the fitting
parameters (coherent fraction, f. and coherent position, Ad= D/dy) obtained from each
NIXSW scan with a vector in the complex plane. Hence, the adsorbate position can be
represented by a vector whose direction is defined by the phase angle 27nD/dx relative
to the positive x axis. The length of this vector is equal to the probability of the phase

angle, f(D) and is therefore multiplied by the formal weighting, fo of each of the sites.
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Consequently a coherent fraction of 1.0 and coherent position (Ad) of zero (or any
multiple of dia) is expressed by a unit vector lying along the positive real axis. As Ad
is increased continuously from 0 to dy) (for the (111) reflection data), the vector
rotates anti-clockwise until it again lies along the real positive axis when Ad=d;,.

The process of increasing Ad continuously from 0 to d;;;, is equivalent to raising the

adatom above the reflecting planes.

Imaginary

Figure 2.10. An Argand diagram with a vector representation of a coherent fraction,
f. and a fractional coherent position, 2rAd = 2nD/dyy (blue arrow) for a single rigid
adsorption site where dpy is the periodicity of the bulk scatterer planes. A coherent
fraction of 1.0 and a coherent position of zero (or any multiple of dug) are

represented by the red arrow.
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For a single adsorption site, the coherent fraction, f, is represented by the length of
the vector. The coherent position, 2nAd (i.e. 27D/duy) is the angle of the vector
measured anti-clockwise from the positive real axis.

For a distribution of adsorbate positions above the reflecting planes (i.e. static or
dynamic disorder), the vector representation is the resultant of the various vector
components (vector summation of the component vectors). Such a vector will then
have a length equal to the coherent fraction, f. and a phase angle equal to 2nz/dy (or

2ntAd) for the adsorbate substrate system (Woodruff et al. 1994).

The resultant vectors obtained from experimental data can then be compared with the
vectors (or sums of vectors) produced from the heights of theoretical adsorption
sites. We will now discuss several different adsorption effects that occur, how these
influence the NIXSW results through equation 2.1.1.20 and how they can be studied

using the Argand analysis technique.

2.1.2.1. Thermal Vibration Effects and Local Disorder

Any real adsorbate - substrate system and related structures will experience thermal
vibrations. As mentioned earlier, thermal vibrations and local disorder affect the

NIXSW fitting parameters.

Vibrations introduce an incoherent component into the X-Ray standing wave, thus

reducing the coherent fraction by a Debye-Waller factor. This contribution from the

45



bulk substrate lattice is predictable and can therefore be distinguished from the

unknown spatial distribution function of the absorber atoms.

Thermal vibrations also introduce a finite width in the adatom distribution function
f(D), which is normally Gaussian. The resulting dephasing of the absorber layer
spacing introduces an incoherent part to the absorption profile. This incoherence
increases as the vibrational amplitude and therefore the Gaussian width grows. The
thermal vibrations of the adsorbate atoms provide a vector distribution symmetrical
about its mean position (figure 2.11), hence the resultant position remains unchanged

and only the coherent fraction is affected.

Imaginary
A

/j -

Figure 2.11. Argand vector diagram showing the components (red) and resultant (blue)

vectors for a Gaussian distribution of positions due to thermal vibrations.
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The X-Ray standing wavefield is sensitive to the component of atomic displacement
perpendicular to the scatterer planes (therefore leading to variations in the coherent
position, Ad). Consequently, the above considerations can also be applied to static
disorder of the adsorbate or substrate atoms. This static disorder will also lead to
incoherence in the absorption profile. Therefore the incoherence will again increase as

the static disorder and hence the Gaussian width also increases.

2.1.2.2. Multiple Adsorption Sites

It is possible for an adsorbate to occupy at least two distinct adsorption sites on a
surface. This could be because the adsorbate is adsorbed in two layers, there are two
adsorption sites with similar energies, or because the adsorbed molecule contains two

atoms of the same species that adopt inequivalent sites.

The simplest case of multiple adsorption is when two adsorption sites have an equal
probability of adsorption. The two adsorbate heights (D, and D,) must be summed for

the Argand analysis of this type of adsorption.

If we consider a perfect rigid lattice, with two discrete sites, resultant vector is
equal to the vector sum of these two values. The coherent fraction, £ is multiplied by
the formal weighting, fo of each of the sites. If we then include the effects of local
disorder and thermal vibrations (as in section 2.1.2.1.), there are two peaks in the

distribution function D). However, the integral over the full distribution function can
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be written as the integral sum of all the peaks. If both sites have identical vibrational
and static disorder, the individual peaks can then be assigned the same formal
weightings, f, (0.5 each for two equally weighted sites). Therefore the coherent
fraction for the two adsorption sites combined is the value of the coherent fraction. f. if
only one of these sites were occupied, multiplied by the weighting of each site (figure

2.12.). The resulting NIXSW absorption profile would be characterised by

D= (D1 = Dz)/z fc = fo 'COS [TE(D] = Dz)/dH]‘ ( .

%)
o
&)
&)
-
p—

Imaginary

A

> Real

Figure 2.12. Argand vector diagram showing the summation of contributions of two
equally weighted adsorbate height layer spacings. The components and the resultant
are represented red and blue vectors respectively. It is assumed that there i1s no

disorder or vibrations for the individual contributions.
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Equation 2.1.2.2.1. indicates that if the 2 layer spacings differ by half the reflecting
plane layer spacing, dwa/2, the resultant coherent fraction, f, will be zero. This is
because the two vectors are equal and opposite, and therefore cancel (figure 2.13.).
For a coherent fraction of zero, the NIXSW absorption profile is always Gaussian as

the monochromator has a Gaussian output.

Imaginary
A

T > Real
0.5

Figure 2.13. Argand vector diagram showing the vector components of two equally
weighted adsorbate height layer spacings differing by half the bulk layer spacing. It 1s

assumed that there is no disorder or vibrations for the individual contributions.
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It should be noted that the simplicity of equation 2.1.2.2.1. is lost if the two adsorption

sites have different weightings, fo because of the various occupation weightings or

different local disorder (Kadodwala et al. 1996).

For a coincidence lattice adsorbate structure, the individual layer spacings of the
different adsorption sites will involve regular increments that are rational fractions of
the bulk layer spacing for specific reflections. Such reflections are from experiments
involving scatterer planes that are not parallel to the surface (e.g. the (111) plane for
the Cu(100) surface). Therefore, as seen in figure 2.14, the vector representation of
five equally spaced layer spacings for the different adsorption sites cancels exactly
(Woodruff et al. 1994). Consequently, for a coincidence adsorbate lattice studied using
any X-Ray standing wavefield in which the reflecting planes are not parallel to the
surface, the vector sum of each adatom’s contribution leads to a coherent fraction of

zero and a Gaussian absorption profile.
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Imaginary

Real

Figure 2.14. An Argand vector diagram showing the adsorbate layer component
contribution of five individual adsorbate atoms of a coincident net for which the

vectors cancel exactly.



2.1.2.3. Low Symmetry Adsorption Sites

If the local structure of any adsorbate surface has a lower symmetry than the
substrate, several different structures must have an equal probability of occurring
(Woodruff et al. 1994). For example, if an atom adsorbs onto a 2-fold bridge site of a
(111) face centered cubic surface, there are three types of bridge site relative to the
substrate surface (see section 1.1.3.1). Two of these bridge sites are essentially
identical and therefore have twice the weighting of the other 2-fold bridge site.
Consequently, we would expect the surface to be covered by small domains of
adsorbates in these different sites, which will be equally occupied on average. Hence,
there will be contributions of several adsorbate heights (that is z-values) to any
reflection involving scatterer planes not parallel to the surface from each low
symmetry site on the surface. This type of domain averaging will also introduce

another reduction in the coherent fraction, f..
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2.1.3 Trian ion of the Adsor Position

2.1.3.1 Hg/Ni(111) System

The NIXSW data sets only provided information about the adsorbate-substrate layer

spacing in one direction. Therefore, the experiments were performed in both the
(111) and (111) directions. A process of real space triangulation is then carried out

(Frost et al. 1967 and Kerkar et al. 1992e & 1992f). Each adsorption position has a
different distance from each reflecting plane. Hence sites with the same distance from
one plane will have a different distance from another plane. The heights of an
adsorbate above the (111) reflection plane can be calculated using the mercury
atomic radius and the nickel metallic radius. It can be seen from figure 2.15, that an
adsorbate in a high symmetry site (on an FCC metal such as the Ni(111) crystal),

with a height, x above the (111) plane has a different height with respect to the
(111) planes for each particular site. Therefore the height of the adsorbate above the
(111) reflection plane can be calculated using simple geometry as illustrated in figure
2.15. For an adsorbate in a three-fold hollow site on a (111) FCC surface there are
two types of adsorption site relative to the (111) reflection plane, face centered
cubic (FCC) and hexagonally close packed (HCP). The FCC and HCP three-fold

hollow sites have different heights above the (111) reflection plane, as illustrated in

figure 2.15.
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3-Fold Hollow  3-Fold Hollow
(FCO) (HCP)

Surface Plane
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[ f oA ]

(111) planes

Figure 2.15. A diagram indicating the various high symmetry sites and their differing

distances from the (111)reflection plane. d 1,y is the distance of the various sites
above the (111)reflection plane, and x is the distance of the various sites from the

(111) reflection plane. The dimensions indicated in this diagram are arbitrary.

There are three types of bridge site relative to the 3-fold symmetry of the substrate
surface, however two of these bridge sites are essentially identical and therefore have
twice the weighting of the other 2-fold bridge site. The two different types of 2-fold
bridge site on a (111) face centered cubic surface, such as the Ni(111) surface are

illustrated in figure 2.16. Consequently, 2-fold bridge sites have two possible

distances with respect to the (111) plane (see figure 2.15.). Type A uses the same

54



height equation for the height above the (111) plane as the atop site, but has a
different height above the (111) plane to the atop site and therefore has a different

height above the (111) plane to the atop site.

(111) Plane

Plan View
Side View

Figure 2.16. A schematic diagram illustrating the two types of bridging sites for a
face centered cubic surface, and their different heights with respect to the (111)

plane.

2.1.3.2 Hg/Cu(100) System

Again the NIXSW data sets only provide information about the adsorbate-substrate
layer spacing in one direction. Therefore, the experiments for the Hg/Cu(100) system
were performed in both the (200) and (111) directions. The (200) reflection was used
as the (100) reflection was forbidden. For an FCC crystal, the reflections for the (hkl)
values which are not all even or all odd are systematically absent (Kittel 1986). Once

more a process of real space triangulation is then carried out (Frost et al. 1967 and
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Kerkar et al. 1992e & 1992f). Figure 2.17. demonstrates that an adsorbate in a high

symmetry site on a Cu(100) crystal with a height, x, above the (200) plane has a

different height with respect to the (111) planes for each particular site.

Atop Bridge Four-fold Hollow
Bl

/ /

d200)

(200)"é// 5 '270/ /

Surface Plane

.

planes

VAN
/Wt 7
/) kA

(111) planes
Figure 2.17. A diagram indicating the various high symmetry sites and their differing

distances from the (111) reflection plane. d1i) is the distance of the various sites
above the (111) reflection plane, and x is the distance of the various sites from the

(200) reflection plane. The dimensions indicated in this diagram are arbitrary.

There are two types of bridge site relative to the 4-fold symmetry of the Cu(100)
substrate surface, as illustrated in figure 2.18. Consequently, 2-fold bridge sites have
two possible distances with respect to the (111) plane (see figure 2.17.). Type A uses
the same height equation for the height above the (11) plane as the atop site, but has

a different height above the (200) plane to the atop site and therefore has a different

height above the (111) plane to the atop site.
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(111) Plane A B

(200) Plane

Plan View
Side View

Figure 2.18. A schematic diagram illustrating the two types of bridging sites for a
face centered cubic surface, and their different heights with respect to the (111)
plane. Type A uses the same height equation for the height above the (111) plane as
the atop site, but has a different height above the Cu(100) surface to the atop site and

therefore has a different height above the (111) plane to the atop site.
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2.2 Surface Analysis Techniques

2.2.1. Auger Electron Spectroscopy (AES)

Auger electron spectroscopy (AES) is perhaps one of the most common electron-
based elemental analysis techniques. Its most useful role is in the determination of
surface composition (Davis et al. 1976 and Woodruff & Delchar 1994). We have made
use of Auger electron emission to monitor the cleanness of the substrate crystals
(AES) and the coverage of mercury on the substrate surfaces (AES, XPS). The Auger
electron emission is also monitored when using the Normal Incidence X-Ray Standing
Wavefield (NIXSW) technique, however this investigation only monitored the

photoemission of the relevent elements (section 3.4).

The basic principle of AES can be understood by reference to figure 2.19. When an
atom is ionised with the production of a core hole in level A (by either a photon or an
electron of sufficient energy ~1.5-5keV the ion eventually loses some of it’s potential
energy by filling the core hole with an electron from a shallower level (B) together
with the emission of energy. The energy emitted may appear either as a photon
(fluorescence) (fig 2.19.a.) or as kinetic energy given to another electron from a
shallower level (C) (fig 2.19.b). These competing processes are dominated by the
photon emission only when the initial core hole is deeper than approximately 10keV. It

should be noted that the Auger energies are independent of the energy of the incident
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radiation. Figure 2.19. is an energy level diagram showing the filling of a core hole in

level A, giving rise to (a.) X-Ray photoemission or (b.) Auger electron emission. The

levels are labelled with their one-electron binding energies.

0 -
. 7

-Eg
e
S 2 &
(a) (b.)

Figure 2.19. An energy level diagram showing the filling of a core hole in level A,
giving rise to (a.) X-Ray photoemission or (b.) Auger electron emission. The levels are

labelled with their one-electron binding energies.

For the photon emission

hv=E4 - Ep 22.1.1.

The Auger effect is allowed energetically provided Ex > Eg +Ec. For Auger electron

emission the kinetic energy

KE:EA-EB-EC 22.1.2.

59




is characteristic of the atom from which it originates. Equation 2.2.1.2. provides an

approximate formula for the kinetic energy of an Auger electron based on the one

electron binding energies of the core levels involved.

Therefore, the transition shown in figure 2.2.1.1. is an ABC transition, where A, B,

and C are the X-Ray level notations K, L,, L,, etc. Where:

K—1s
Li—2s

L, Ls—>2p
M; — 3s
M,, M3 — 3p

My, Ms — 3d etc

K, L, M etc. represent the principle quantum numbers 1, 2, 3, etc. The subscripts L,
L,, Ls, etc. represent the multiplicity, j where j (= /+s) is a vector sum of the orbital

angular momentum / and the spin quantum number, s.
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A specific sequence of events leading to the production of an Auger electron is:
(1) ejection of an electron from the K shell of an atom
(i) the filling of the vacancy or hole by an electron from the L, shell
(iii) transference of the energy released to an electron in the L; shell and its
consequent emission. Such a sequence is denoted as a KL,L; process, or the

Auger electron is referred to as a KL;L; electron (Figure 2.20.).

E Vacuum (E=0)

// %// Valence Levels

<
b))
({4

E(L23) $

> Core Levels

[

E(K)

KE =E; - Eys- Ezp

Figure 2.20. The KL,L; process - KLL Auger decay of a 1s core hole. Where E, and

E,, are the binding energies of the 2s and 2p atomic levels respectively in the presence

of the 1s core hole, and ¢ is the workfunction.
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Figure 2.20. shows a 1s electron is filled preferentially by a radiationless Auger
transition ie. a 2s electron fills the hole and the transition energy ejects a second
Auger electron from the 2p level. Notice that the emitted electron’s kinetic energy is

dependant only on the properties of the atom.

The detected intensity of Auger emission for a given element is dependant upon the
following: the incident flux of electrons; the ionisation cross-section of the element at
that energy; the backscattering of electrons which could also cause ionisation; the
probability of decay through the Auger channel; the solid angle of acceptance of the
analyser and the instrumental detection efficiency (Woodruff & Delchar 1994). Either
the peak to peak height AN(E)/dE or the peak area is proportional to coverage if all

the above conditions are kept constant.

Both the photon and electron emission are characteristic of some combination of the
atomic energy levels of the emitter and therefore form the basis of a core level
spectroscopy. The Auger electrons have a short mean-free-path and so their detection
outside the sample provides a surface sensitive probe of chemical composition. In
surface science, the Auger electrons are normally monitored as the photons emitted
have a long mean-free-path in solids thus making them less surface sensitive. AES is
usually performed with incident electron beams because of the relative ease of

producing sufficiently energetic (~1.5-5keV) electron beams of high intensity (1-

100pA) (Woodruff & Delchar 1994).
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The AES spectrum has a characteristic elastic peak due to electrons that pass
undisturbed through the solid and a long seemingly featureless tail of electrons that
have lost energy to the solid. Two type of electrons contribute to this tail. These are
primary and secondary electrons. Primary electrons exit the sample after losing energy
in single well defined inelastic event. These show up as tiny squiggles in N(E) that
reveal their origin in the derivative signal dN(E)/dE. Secondary electrons lose their
energy through multiple inelastic collisions. The experimental signal from these
electrons is truly structureless. The elemental signature of the surface is found in the

precise energy positions of the sharp structures in the derivative spectrum.

2.2.2. X-Ray Photoelectron Spectroscopy (XPS)

The principle of photoelectron spectroscopy is the excitation of electrons in an atom
or molecule by bombarding a surface with X-Ray photons of sufficient energy to
ionise an electronic shell so that an electron is ejected into the vacuum (Woodruff &
Delchar 1994). The emission energies of these electrons are characteristic of the
surface atoms and the angular dependence provides information about the surface
structure. The phenomenon of X-Ray photoemission has been used to monitor the
coverage of mercury on the substrate surfaces for the energy distribution curves
(EDCs) described in section 3.4. The X-Ray photoemission of relevant elements was
also monitored when using the Normal Incidence X-Ray Standing Wavefield
(NIXSW) technique (section 3.4). Consequently XPS is a vital part of the Normal

Incidence X-Ray Standing Wavefield technique.
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If an atom on a surface is ionised by an X-Ray photon a core level electron is ejected

with an amount of kinetic energy given by

KE =hv - E5 + Ex 2221

where hv is the photon energy, E, is the core level binding energy in the absence of Ex

and Eg is a relaxation term.

When an atom is ionised a positive hole is left. The relaxation term is due to the
electrons relaxing to lower energy states to partially screen this positive hole and
therefore make more energy available for the outgoing photoelectron. The relaxation
term consists of two components. One component is due to the relaxation of states
within the atom (intra-atomic relaxation) and the other to the relaxation of states on

neighbouring atoms, either adsorbate or substrate (inter-atomic relaxation).

XPS is a surface analysis technique that takes advantage of the short mean free path
of electrons in matter and the elemental specificity of core-hole binding energies.
It can be used for elemental analysis because the energy of the photoelectron depends
on E, and is therefore characteristic of the atom. The atomic species present can be
determined by matching the inferred values of Eg to the table of elemental core binding
energies. XPS can also provide some information about the chemical environment of
an element. This is because both E, and Ex may exhibit a chemical shift (range

of a few eV or less) dependant on the chemical environment of the element in question.
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Therefore XPS can also be used to provide information about elemental surface
composition. The surface sensitivity of XPS can also be increased by monitoring the
electrons emitted at small angles to the surface. These electrons travel a longer
distance in the solid, and are therefore more likely to be absorbed unless they are

generated at or in the near surface region.

hv v-1

1 X

Figure 2.21. An incoming photon of energy hv means that an energy I; is needed to
remove an electron from an orbital i, and the difference appears as the kinetic energy

of the electron.

65



2.2.3. Low Energy Electron Diffraction (LEED)

Low energy electron diffraction can supply a simple and convenient characterisation of
the long range order of a surface, thus providing an accurate determination of the
crystallography of a surface (Woodruff & Delchar 1994, Zangwill 1992). In LEED a
beam of monoenergetic electrons (typically with energies 10-500 eV) is backscattered
from the surface of a sample under ultra-high vacuum (UHV) conditions. The
elastically scattered electrons (figure 2.22.) (about 1% of the total yield) are separated
from the inelastically scattered electrons by retarding grids held at appropriate
potentials and then accelerated to strike a fluorescent screen held at a large positive

potential thus creating a diffraction pattern.

LEED is extremely sensitive to surface atomic arrangements (the penetration depth is
typically less than 1 nm) due to the high atomic scattering cross sections for electrons
in this energy range (10-500 eV). A sharp spot LEED pattern implies the presence of a
well-ordered surface and provides direct information about the symmetry of the
substrate. The surface atom arrangement can have symmetry no greater than that
indicated by the LEED pattern. The true surface structure could possibly have a lower

symmetry than that indicated by LEED.
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Figure 2.22. A schematic diagram of the “optics” used for LEED experiments. The

potential Vg defines the electron energy as e V.
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3 Instrumental and Experimental Details

This chapter gives a description of the experimental procedures and details of the

equipment used in the NIXSW data acquisition.

3.1 Description of the B i

All the experiments reported here were carried out on the SEXAFS beamline (6.3) of
the Synchrotron Radiation Source (SRS) at the Engineering and Physical Sciences
Research Councils (EPSRC) Daresbury Laboratory, UK. The SEXAFS beamline is
equipped with a grazing incidence toroidal prefocussing mirror and an ultra-high

vacuum (UHV) two crystal monochromator.

The experiments used synchrotron radiation, which is produced when high energy
electrons (2 GeV) are constrained to a circular orbit by the strong magnetic fields
(bending magnets of 1.2 T) in a storage ring (circumference of 96 m). Electrons placed
in this type of confinement emit a high flux of photons in a continuous spectrum at a
tangent to the storage ring. This radiation is highly polarised in the plane of the

synchrotron with the electric vector (E) parallel to the ring.

Figure 3.1.1 shows a schematic diagram of beamline 6.3. More details of the beamline
can be found in McDowell et al (1986). The beam originates from bending magnet 6
and then passes through a rack of ten carbon filters, each 1000 A thick to remove the
ultraviolet component of the beam. The photon beam then strikes a gold coated
toroidal quartz premirror at an angle of 0.5, which provides a high energy cut-off of
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11.1 keV and a demagnification of 2:1 at the sample. The beam then enters a double
crystal monochromator that has been described in more detail by McDowell et al
(1986) from which a single photon energy can be selected in the range 2000-8430 eV.
Germanium (111) crystals were used in the X-Ray monochromator. The
monochromating crystals are fitted with water cooling to largely eliminate thermal

effects.

After the monochromator, the X-Ray beam passes through the I, section as shown in
figure 3.1.2. The monochromator contains a copper mesh to monitor the beam
intensity (I'o) of the incident light by adjusting the incident beam monitors and beam
monitor slits, installed between the exit slit of the monochromator and the surface
science end-station. When the X-Ray beam collides with the copper, it causes electrons
to be produced; this photoemission allows the intensity of the beam to be monitored
and the remainder of the beam is able to pass through the open parts of the mesh.
Copper is favoured as it is a convenient metal to work with. The X-Ray beam’s
position on the copper mesh changes due to the decay of the beam, consequently
different amounts of the beam will collide with the mesh. This causes oscillations in the
beam current. A fine aluminium foil beam monitor is used to observe the beam
intensity (I current) so that glitches from the monochromator and beam decay can be
detected and therefore the experimental signal can be compensated. This beam
monitor observes both the incident beam and the Bragg reflected beam at nominal
normal incidence from the sample. It was therefore possible to normalise the data with
respect to the X-Ray intensity using I’y and the measurement of the Bragg reflected
beam intensity versus the energy with I,. The apertures define the beam size so that it

falls only on the crystal and not on the back plate or mounting clips.
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Figure 3 1.1 Schematic diagram of beamline 6.3 at Daresbury SRS Laboratory.
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Figure 3.1.2. Schematic Diagram of how the beam’s intensity is monitored before it

enters the sample chamber. The electrons caused by the impact of the beam on the

monitors are illustrated.
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3 ription of th le Chamber

The beam passes from the I, section into the sample chamber, which is illustrated
schematically in figure 3.2.1. The chamber consists of a sample preparation level and

an analysis level.

A rotary backed turbo pump and a titanium sublimation pump were used to maintain
the sample chamber at a working pressure of 3x10-10 mbar. The gas line was also
pumped by a rotary backed turbo pump. The total pressure of the chamber was
monitored using several ion gauges. A VG quadrupole mass spectrometer (mass range
= 1-200) was used to measure the partial pressures of the individual component gases

of the vacuum and for leak testing.

The sample holder was mounted on a VG manipulator equipped with liquid nitrogen
cooling and filaments to heat the sample by electron bombardment. The liquid nitrogen
cooling allowed the sample to be cooled to 150 K. The temperature of the surface was
monitored using a chromel-alumel thermocouple spot welded to the sample holder.
The sample was equipped with three degrees of linear motion (x, y and z), which
enabled it to be moved between the sample preparation and analysis levels. It also had
two degrees of rotational motion to allow the azimuth (¢) of the crystal and the photon

incidence angle on the crystal (0) to be changed.

A VG cold cathode argon ion sputter gun was used to clean the sample. VG low
energy electron diffraction (LEED) optics (3 grid) were used to monitor the surface
order of the clean sample. They were also used to check that the expected structures

were formed when dosing the mercury onto the nickel and copper crystals.
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Figure 3.2.1. Schematic diagram of the sample chamber.
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Figure 3.2.2. A schematic diagram of the mercury vapour source, showing the

molybdenum boat and the stainless steel mesh spot welded to the molybdenum.

The mercury vapour source used to emit mercury vapour into the chamber and
consisted of between 7 and 9 HgTi intermetallic pellets (SAES Getters) mounted on a
molybdenum boat, with a stainless steel mesh spotwelded onto the mount to hold the
pellets in place. (Figure 3.2.2.) The molybdenum boat was heated resistively and
consequently the pellets were heated conductively and radiatively to approximately
870 K and would decompose to generate mercury vapour at a pressure of
approximately 2x10™° mbar in the chamber. The mercury vapour source was mounted
at the same level as the argon ion gun and the LEED optics. This source was degassed
at approximately 870 K with the crystal surface turned 180° away from the source

before forming the adsorbate structures.



The analysis level consisted of a Perkin-Elmer double pass cylindrical mirror analyser
(CMA) (Singh 1989a) and a 100 mm mean radius concentric hemispherical
electrostatic electron energy analyser (CHA) (VSW Ltd. HA100). The CMA contained
an integral electron gun, to enable Auger electron spectroscopy (AES) (Carlson 1975)
to be performed, in order to monitor the cleanness of the sample. The CMA was
operated in analogue mode for electron stimulated Auger analysis of the surface. The
CHA, at an angle of 45° to the X-Ray beam and in the horizontal plane, was used to
measure energy distribution curves (EDC’s) of the electrons leaving the sample under
X-Ray irradiation during the experiments. The analyser was operated in pulse counting
mode during NIXSW experiments and a fixed analyser transmission (FAT) of 44 eV

which provided maximum signal to noise after background subtraction.

A total yield detector (known as the spoon) was mounted in front of the sample under
the incoming photon beam. This probe was biased at +9 V and was used to measure

the total electron yield (TEY) leaving the crystal surface.

3.3 1P ration Alienmen

Both the Ni(111) and Cu(100) samples were prepared by a combination of X-Ray
Laue alignment, spark machining, mechanical polishing (performed at Warwick
University). The sample was cleaned by in situ argon ion bombardment (2 keV, 12 pA
cm?, #2000 s) with annealing to approximately 780 K (Ni) and 820 K (Cu). LEED and
Auger electron spectroscopy were used to determine when a clean and well-ordered
surface was obtained. This process was repeated until a sharp (1x1) LEED pattern was
observed. Both electron stimulated AES and synchrotron radiation X-Ray
photoelectron spectra (XPS) were taken after cleaning which showed that the crystal
was free from contamination.
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Both samples were aligned for the NIXSW scans by monitoring the value of I,. As the
wavelength of the radiation was scanned through the Bragg condition, a Gaussian peak
in Io due to the diffracted beam passing back down the beamline could be seen (figure
3.4.1.). Alignment was achieved by altering the position of the crystal to optimise the
intensity of the peak in Io. The Ip signal was optimised for both reflections: the (111)
and (-111) Bragg reflection planes for the Ni crystal; the (200) and (111) Bragg
reflection planes for the Cu crystal. Further optimisation was obtained by also
maximising the drain current from the sample. The NIXSW scans taken at low
temperatures were carried out to reduce the Debye-Waller factor (i.e. reduce thermal

effects).

The procedures for forming the adsorbate structures both crystals were attained by
referring to phase diagrams detailed in previous work (Singh & Jones 1990a, Kime et
al 1992). All the adsorbate structures were checked by comparing previous LEED
patterns (Singh & Jones 1990a and 1990b, Dowben et al 1990) and AES spectra
(Davis et al 1976).

Where possible (for equilibrium structures) NIXSW data was taken at both room
temperature (~ 298 K) and low temperature (~ 150 K) to determine whether
temperature affected the position of the adsorbate relative to the reflecting planes. For
all the structures that needed cooling before data collection, a short period of time was
allowed to elapse between forming the structure and cooling the surface to ensure that
all the mercury vapour in the chamber had been pumped away in the chamber. This
was done to prevent the mercury vapour from condensing on the surface and forming
new structures. This procedure was followed for all the structures where cooling was
required before data collection. All the structures were checked before cooling using
LEED and AES techniques, LEED was also used after cooling to verify the surface

structure.
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3.3.1 Ni(111) Sample

The Ni(111)/Hg-p(2x2)0.5ML structure (Singh & Jones 1988 & 1990a) was formed
with the sample at room temperature, by saturating the clean surface with mercury at
about 2x10-8 mbar. A sharp p(2x2) LEED pattern was observed, which remained

unaltered after turning off the mercury source and pumping away the vapour before

taking the NIXSW data at 298 K.

The Ni(111)/Hg-(¥3xV3)R30° structure (Singh & Jones 1988 & 1990a) was formed
from the p(2x2)0.5ML structure, by heating to ~350 K in vacuo and observing the
LEED pattern until the (V3xV3)R30° structure had formed. The sample was then
immediately cooled to room temperature (298 K) to avoid any further desorption and

the NIXSW scans taken.

The “c(2\/3x2\/3)R30°” structure (Singh & Jones 1989a & 1990b) was generated by
first forming the multilayers at < 240 K and heating the sample to 273 K to desorb
first the multilayers and then part of the chemisorbed layer to form the distinctive
“c(2V3x2V3)R30°” LEED pattern. The sample was then rapidly cooled to 185 K to
avoid any further desorption and the NIXSW scans were performed at this
temperature. The “c(2V3x2V3)R30°” structure is written in inverted commas as the

structure is not quite perfectly coincident.
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3.3.2 Cu(100) Sample

The Cu(100)/Hg-(3x3) structure (Li et al 1991, Kime et al 1992) was formed by
dosing the clean surface with mercury at about 3x10-8 mbar with the copper sample at
~ 170 K (to ensure formation of an acceptable (3x3) structure). The LEED pattern
was observed to determine when a sharp (3x3) pattern had formed. The sample was

then cooled to 150 K (to reduce the Debye Waller factor) to take the NIXSW data.

The Cu(100)/Hg-c(2x2) structure (Li et al 1991, Kime et al 1992, Dowben et al
1990a, b) that was analysed at room temperature was formed by gently heating in
vacuo (i.e. removal of cooling) to approximately 300 K, of the (3x3) structure,
through the c(4x4) structure until a sharp ¢(2x2) LEED pattern was observed. When
the structure had formed, the sample was cooled to approx 263 K to avoid any further
desorption. The sample temperature was then allowed to rise to approximately 298 K

to enable room temperature NIXSW data to be taken.

The Cu(100)/Hg-c(2x2) structure (Li et al 1991, Kime et al 1992, Dowben et al
19904, b) that was analysed at 175 K was formed with the sample at room temperature
(300 K), by dosing the clean surface with mercury at about 8x10-3 mbar to give the
c¢(2x2) structure (indicated by the LEED pattern). The NIXSW data was taken with
the sample cooled to 175 K to reduce the Debye Waller factor. Therefore, using either
of the above methods we were able to produce identical Cu(100)/Hg-c(2x2)

structures.

The Cu(100)/Hg-c(2x6) structure (Li et al 1991, Kime et al 1992) was formed by
dosing the clean surface with mercury at about 5x10-8 mbar with the copper sample at

167 K (to ensure the generation of a satisfactory c¢(2x6) structure). Again the LEED
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pattern was studied to determine when sharp ¢(2x6) LEED pattern could be seen. The

sample was then cooled to 150 K at which the NIXSW data was taken.

The Cu(100)/Hg-c(4x4) structure (Li et al 1991, Kime et al 1992, Dowben et al 1990a,
b) that was analysed at 160 K was formed by dosing the clean surface with mercury at
about 5x10-8 mbar with the copper sample at approximately 280 K and observing the
LEED pattern until a sharp c(4x4) pattern was seen. The NIXSW data was then taken

with the sample cooled to 160 K, thus reducing thermal effects.

The Cu(100)/Hg-c(4x4) structure (Li et al 1991, Kime et al 1992, Dowben et al
1990a, b) that was analysed at room temperature was formed by slowly heating in
vacuo (i.e. removal of cooling) the ¢(2x6) structure to give the c(4x4) structure. The
structure determination was done by observing the LEED pattern until the c(4x4)
structure had formed. The NIXSW data was taken with sample temperature
maintained at 290 K. Again, by using two different adsorption techniques we were able

to produce identical Cu(100)/Hg-c(4x4) structures.

3.4 NIXSW Data Acquisition, P :

In order to record the (111) and (200) NIXSW adsorption profiles (for the Ni(111)
and Cu(100) crystals respectively), the crystal was first adjusted for normal X-Ray
incidence, checking the alignment by monitoring the 180° backscattered reflectivity
profile which was superimposed on the I, beam monitor when this condition was
achieved to within about 0.5° (figure 3.4.1). This symetrical reflectivity profile is only

dependant on the non-structural absolute energy and energy broadening parameters.
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Figure 3.4.1 A spectrum showing the peak in I, as the Bragg energy is scanned for the
Ni(111) sample. The slope in the base line of this spectrum is due to the decay of the

X-Ray beam over the scan time of 75 minutes.

Figure 3.4.1. shows the signal from this monitor as a function of photon energy around
the Bragg peak value of 3044 eV (for both (111) and (111) reflections) for the
Ni(111) sample (3435 eV (for the (200) reflection) and 2975 eV (for the (111)
reflection) for the Cu(100) sample). The absolute photon energy (the energy scale
shown in figure 3.4.1.) is related to the nominal kinematical Bragg energy (chapter 2)
which is at the centre of the scanned energy range (where the peak in I, is at the
maximum). A similar procedure was used to establish normal incidence to the (111)
Bragg planes for the Ni(111) crystal (polar angle of 70.53° to the (111) surface
normal) and for the (111) plane of the Cu(100) crystal (polar angle of 54.73° to the
(100) surface).
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The energy distribution curves (EDC's) were taken by scanning the binding energy at a
nominal photon energy of 3000 eV (Ni(111) sample both reflections and Cu(100)
sample (111) reflection) and 3450 eV (Cu(100) sample (200) reflection). One
complete NIXSW experiment (repeated several times for each sample preparation) was
performed by measuring the intensity of an Auger or photoelectron peak as the
wavelength of the light was scanned through the Bragg condition (i.e. 10 eV either
side of the Bragg energy). These experiments consisted of four incident photon energy
scans (an “on-off” pair for both the substrate and adsorbate) through the appropriate
Bragg peak, measuring the four different emitted electron energy yields sequentially.
Cold NIXSW profiles were obtained to minimise effects of thermal vibrations (through
a Debye-Waller factor) and adatom mobility. In this study the intensity of the
photoelectron peaks was measured, therefore as the photon energy was scanned across
the Bragg condition, the kinetic energy was also scanned across the Bragg peak.
Consequently, the CHA is operated in different modes depending on the type of peak
being monitored. The Constant Initial State (CIS) mode is used to monitor
photoelectron peaks and the Constant Final State (CFS) mode 1s used for Auger peaks
that are of a fixed kinetic energy. The CIS mode enables the CHA to scan the electron
energy as the photon energy is scanned and the CFS mode enables the CHA to detect
electrons at a fixed energy. The CHA was operated in the constant initial state mode,

so that the kinetic energy of the CHA increased as the X-Ray energy increased.

The peak being monitored rests on a background of secondary electrons and the
intensity of this background varies during a scan. To compensate for this, "on" and
"off" scans were made to monitor the background intensity therefore enabling the true
intensity of the electrons to be obtained. The "on" scan was taken at the energy of the

peak of interest and the "off" scan was taken several eV to the high kinetic energy side
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of the peak (figure 3.4.2.). Along with the data from monitoring the photoabsorption,

the signals from the total yield detector and the Io and I'o mesh were recorded.
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Figure 3.4.2. A diagram indicating the positions of the “on” and “off” positions on an

EDC (Ni(111)-Hg-p(2x2)-0.5ML data) to enable monitoring of the background

intensity of the scan.
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3.4.1 Ni(111) Sample

The NIXSW experiments were performed using the (111) Bragg reflection plane, (with

the X-Ray beam normal to the sample surface) and the (111) Bragg reflection plane
(with the X-Ray beam at 70.5° to the surface normal, in the appropriate azimuth and
normal to the (111) reflection plane). (figure 3.4.1.1.) NIXSW experiments are
performed using the (111) and (111) planes to enable determination of the positions
of the atoms being studied by real space triangulation. Both planes have a layer spacing
of dygi=d.;=2.036 A, giving normal incidence Bragg reflections at a nominal photon

energy of 3044 eV. NIXSW scans were taken in the X-Ray energy range from 3035-

3055 eV.
[111] _
90° To Surface [111]
70.5° To Surface
(111) Plane \I/

AN

\(111) Plane

> Direction of X-Ray Beam

—— > (rystallographic Planes

Figure 3.4.1.1. Schematic of the Ni(111) single crystal, showing the direction of the

X-Ray beam for the [111] and [-111] NIXSW profiles.



The photoabsorption signals of the substrate nickel atoms and the adsorbate mercury
atoms were measured by monitoring the nickel 2ps;, photoelectron peak (binding
energy, B.E. =852 eV) and the mercury 3ds, photoelectron peak (B.E. = 2385 eV).
The positions of these peaks and their respective binding energies were obtained from
a wide (0-3000 eV) EDC using a photon energy of 3000 eV (figure 3.4.1.2.). High
resolution (650-690 eV for mercury, 2195-2215 eV for nickel) EDC's were performed
using a photon energy of 3000 eV to obtain a more accurate position for the

photoelectron peaks (figure 3.4.1.3.).

Due to a problem with the CHA (it was unable to jump from the adsorbate energy to
the substrate energy quickly enough to permit simultaneous NIXSW scans), some of
the mercury adsorbate (NIXSW) scans and the nickel substrate (NIXSW) scans were
performed separately. The monochromator was set to scan through the Bragg
condition over an energy range of 10 eV (i.e. 2379-2389 eV on the EDC) for the first
experimental run and 8 eV (i.e. 2382-2390 eV on the EDC) for the second
experimental run, where the Bragg energy is in the centre of this range. An increment
of 0.2 eV, a 5 second-per-point (for the first run) and 10 second-per-point (for the
second run) count time was used for the mercury 3ds;, (B.E. = 2385 eV) scans. An
energy range of 5 eV (i.e. 850-855 eV) with an increment of 0.2 eV and a 5 second-
per-point (for the first run) and 10 second-per-point (for the second run) count time
was used for the nickel 2ps» (B.E. = 852.7 eV) substrate scans. The photoelectron
intensities of these peaks (“on” positions), together with background levels 10 eV to
higher kinetic energies of these peaks (“off” positions) and the total electron yield,

were monitored simultaneously during each NIXSW scan (Kadodwala et al 1995).
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Figure 3412 A wide energy distribution curve from the Ni(111)-Hg-p(2x2)-0.5ML [111] data, with an incident photon energy of 3060
eV, an increment of 2 eV and a 0.5 second-per-point count time. The spectrum shows the Hg 3ds, and Ni 2ps, photoelectron peaks in

red and other distinguishable Auger and photoelectron peaks.
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Figure 3.4.1.3. Fine energy distribution curves from the Ni(111)-Hg-p(2x2)-0.5ML
[111] data with an incident photon energy of 3060 eV, an increment of 0.2 eV and a 1
second-per-point count time. The spectra show the (a.) Hg 3ds, and (b.) Ni 2ps,
photoelectron peaks.

Although the 3ds, photoelectron peak is slightly larger than the 3ds, and the Auger
peaks remain fixed in kinetic energy during the scans, either the Hg 3ds»
photoelectron peak or the Hg Auger peaks at 2078 and 2167 eV could have been used
in principle for monitoring the NIXSW of mercury. However, at the photon energies
used, the Hg 3ds, photoelectron peak coincided with a sizeable Ni Auger peak,
making background subtraction difficult. The Hg 3ds» could be used as it always lies
to lower kinetic energies than the fixed energy Ni Auger peaks for the scans described
here, allowing accurate background subtraction. LEED structures and the intensity of

the Hg 3d;» photoelectron peak relative to the substrate Ni 848 eV Auger peak, were

monitored before and after each NIXSW scan.
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3.4.2 Cu(100) Sample

The EDC’s for the Cu(100) sample were taken by scanning the kinetic energy at a
nominal photon energy of 3450 eV for the (200) direction and 3000 eV for the (111)
direction. Also, the NIXSW experiment was performed by measuring the intensity of
an Auger or photoelectron peak as the wavelength of the light was scanned through
the Bragg condition (i.e. 10 eV either side of the photon energy at the Bragg
condition). For the (200) Bragg reflection plane, the X-Ray beam is normal to the
surface, and for the (111) Bragg reflection plane, the X-Ray beam is at 54.73° to the

surface.
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Figure 3.4.2.1. Schematic of the cross section of the Cu(100) single crystal, showing

the direction of the X-Ray beam for the [100] and [111] NIXSW profiles.



The photoabsorption signals of the substrate copper atoms and the adsorbate mercury
atoms were measured by monitoring the copper 2ps, photoelectron peak (binding
energy, B.E. = 932 eV) and the mercury 3ds.2 photoelectron peak (B.E. = 2291 eV).
The positions of these peaks and their respective binding energies were obtained from
the positions of photoelectron peaks on a wide EDC (150-3500 eV for (200) direction
and 150-3000 eV for (111) direction) using a photon energy of 3450 eV (figure
3.4.2.2) for the [200] reflection and 3000 eV (figure 3.4.2.3.) for the [111] reflection.
High resolution (1040-1075 eV mercury, 2500-2520 eV copper for the [200]
reflection (figure 3.4.2.4.) and 685-710 eV mercury, 2040-2065 eV copper for the
[111] reflection (figure 3.4.2.5.)) EDC’s were performed using a photon energy of
3450 eV for the [200] reflection and 3000 eV for the [111] reflection to obtain a more

accurate position for the photoelectron peaks.

The monochromator was set to scan through the Bragg condition over an energy range
of 11 eV (i.e. 2290-2301 eV on the EDC, where the Bragg energy is in the centre of
this range), with an increment of 0.2 eV, a 15 second-per-point count time for the
mercury scans. An energy range of 6 eV (i.e. 932-938 eV, where the Bragg energy is
in the centre of this range) with an increment of 0.2 eV, and a 10 second-per-point

count time for the copper substrate scans.
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Figure 3422 A wide energy distribution curve from the Cu(100)-Hg-c(2x2)-0. 5SML [200] data, showing the Hg 3ds2 and Cu 2ps,
photoelectron peaks, with an incident photon energy of 3450 eV, an increment of 2 eV, and a | second-per-point count time. The spectrum

shows the Hg 3ds, and Cu 2ps» photoelectron peaks in red and other distinguishable Auger and photoelectron peaks. Tantalum Auger peaks from

the sample mount can also be seen.
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Figure 3423 A wide energy distribution curve from the Cu(100)-Hg-c(2x2)-0.5ML [111] data, showing the Hg 3ds2 and Cu 2p:.
photoelectron peaks, with an incident photon energy of 3000 eV, an increment of 2 eV, and a 1 second-per-point count time. The spectrum shows

the Hg 3ds, and Cu 2ps» photoelectron peaks in red and other distinguishable Auger and photoelectron peaks. Tantalum Auger peaks from the

sample mount can also be seen.
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Figure 3.4.2.4. Fine energy distribution curves from the Cu(100)-Hg-c(2x2)-0.5ML
[200] data, showing the (a.) Hg 3ds/.2 and (b.) Cu 2ps, photoelectron peaks, with an

incident photon energy of 3450 eV, an increment of 0.2 eV, and a 1 second-per-point
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Figure 3.4.2.5. Fine energy distribution curves from the Cu(100)-Hg-¢(2x2)-0.5ML
[111] data, showing the (a.) Hg 3d52 and (b.) Cu 2p: . photoelectron peaks, with an

incident photon energy of 3000 eV, an increment of 0.2 eV, and a 1 second-per-point
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3.5. NIXSW Data Analysis

The fitting of data was performed using combination of two FORTRAN programs, one
written by D.P. Woodruff (program 1) and one written by A R H.F. Ettema (program
2). Program 1 uses the equations outlined in section 2.1.1. allowing the user to input
the various parameters for the fits the NIXSW spectra to provide theoretical profiles to
compare with the normalised experimental NIXSW spectra. Program 2 uses the
aforementioned equations to calculate the photoabsorption profile around the Bragg
energy, the coherent position, coherent fraction, and the X-Ray beam energy
broadening values for each data set. Both programs follow the basic steps below.
Program 1 allows the user to view each fit and the spectra and determine the fit by eye,
while program 2 compares the fits with the experimental spectra, and increments the
fitting parameters until the best fit is found. Program 2 was used to determine a general
value for the fitting parameters, and program 1 was then used to fit the spectra more
accurately. The following section outlines the steps that the computer program

executes in order to fit each of the data sets.

To compensate for the decay in intensity of the radiation with time from the storage
ring, the intensities were normalised with the Iy beam monitor signal which does not
display the reflectivity peak. The resulting absorption profiles were normalised by
further being divided by the average of the intensities at the extremes of the energy
range beyond the conditions needed for the coherent X-Ray standing wave to a value
of 1.0 on the left and right sides of the spectra. The above procedures are detailed in

section 3.5.1. below.
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3.5.1. NIXSW Fitting Program Qutline

1. The peak in the Io signal due to the incoherent reflection from the standing wave

extending back into the Io Al foil is removed (figure 3.5.1.1.).

Iy Signal
(Arbitrary Units)
. Subtracted
Experimental Signal

<> Interpolated Line

Resultant Signal

»Energy (eV)

Figure 3.5.1.1. Subtraction of the peak from the I, signal.

2. The converted CHA signal (i.e. the value from step 2) is divided by the Io signal,
which monitors the beam intensity variations of the monochromator. This is to
compensate for the decay of the synchrotron current, along with removing any

monochromator related varnations in the CHA signal.

3. The spectra resulting from step 2 are normalised to unity by dividing them by the
value of the peak outside the total reflection region (point A or B on figure 3.5.1.2)). A
sloping background on the NIXSW profile was not observed because of the large

number of counts obtained for the various signals.
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Figure 3.5.1.2. A spectrum indicating the points (A and B) at which the values for the

normalisation of spectra can be taken.

4. The data sets are fitted using an iterative process optimising the energy broadening
width (for one substrate scan initially to determine the value to fit the remaining

spectra), the coherent fraction, and the coherent position, D.

To account for the effect of thermal vibrations and the incoherent fraction of

absorbers, equation 2.1.1.2. is replaced in the program by equation 3.5.1.1.
I= | 1+£.(Ex/Eo)exp(-2miD/dy) | 2 + (1-£)2 | Ew/Eo |2 (3.5.1.1)

where I is the intensity of the X-Ray standing wave, fc is a product of the absorber
Debye-Waller factor and the coherent fraction of the absorbers and Ew/Eo is the
amplitude of the electromagnetic field. For this study, the Debye-Waller factor was

assumed to be 1.000.
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Initially the fitting was carried out on a substrate scan to find the optimum fit for a
particular energy broadening of the X-Ray beam, which was assumed to have a

Gaussian line width. This value of energy broadening was then used throughout the

remainder of the fitting process.

The program required the input of the fixed structural parameters F,, Fy (real and
imaginary values), dy, and V. The structural parameters for Ni(111) and Cu(100) from
crystallographic tables (MacGillavry 1968) are shown in table 3.5.1. The program also
takes into account the angular mosaic width of the crystal, which was assumed to be

0.100° for both crystals.

Structural Ni(111) Crystal Cu(100) Crystal Cu(100) Crystal
Parameters Both Reflections | [200] Reflection [111] Reflection
F, real 111.5873 115.6126 116.1488
Fo imaginary 11.2660 10.7276 13.6456
Fy real 81.9321 82.6273 88.7084
Fy imaginary 11.2660 10.7276 13.6456
da (A) 2.036 1.8075 2.0871
V (AY) 43.5847 47.242 47.242

Table 3.5.1. Values of the structural fitting parameters for the crystals and planes

indicated taken from crystallographic tables (MacGillavry 1968).
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4 Mercury Adsorption on Ni(111) : NIXSW Results

The following sections contain details of the Normal Incidence X-Ray Standing
Wavefield (NIXSW) results obtained for the various Ni(11 1)/Hg structures. The
photoelectron peak intensities were normalised to a value of 1.0 as outlined in section
3.5 at the extremes of the energy range, well away from the Bragg condition. The
substrate NIXSW profile obtained using the Ni 2ps;» photoelectrons was then fitted by
varying the coherent fraction (f;), coherent position (Ad) and instrumental diffraction

peak broadening width.

The coherent fraction for a particular direction describes the order of the surface
(adsorbate or substrate) perpendicular to that plane. A value of 1.0 corresponds to
complete order with no vibrations. A value of zero corresponds to complete disorder
with an even distribution of absorber atoms, or a small number of well-defined
adsorption sites which combine together to give a coherent fraction of zero. (Woodruff
et al. 1994). It should be noted that both static disorder and the Debye-Waller factor
(dynamic disorder, which is temperature dependent) contribute to the coherent
fraction. The coherent position is the perpendicular distance of the absorber atoms

from the extended bulk scatterer planes.

For a perfect structure with a rigid lattice and fixed absorbers in identical sites, the only
parameter determining the NIXSW absorption profile is the absorber-scatterer layer

spacing. If the absorber-scatterer layer spacing changes by one half of the bulk layer
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spacing the lineshape is essentially inverted. Therefore sensitivity to this parameter is
rather high and the fit is primarily determined by the relative amplitudes of the positive
and negative excursions of the profile, and by the peak energy. In reality, the lattice is
not rigid and the absorbers can be expected to show both static and dynamic disorder.
This disorder therefore attenuates the amplitude of the “coherent” absorption profile
by a Debye-Waller factor. The incoherent part appears as a balancing fraction of
absorption profile which has the lineshape of the reflectivity curve. This reflectivity has
a much lower amplitude, and in our case, in which the instrumental energy resolution is
comparable to the natural absorption width, is essentially symmetric (figure 3.4.1.).
Therefore the dominant effect of lowering the coherent fraction reduces the absolute
magnitude of the absorption profile. A small shift of the peak towards the midpoint
energy of the NIXSW range also occurs. For this reason, at least for reasonably large
coherent fractions (about 0.75 or larger), there is relatively little coupling between the
layers spacing and coherent fraction parameters in the fitting process. However, as the
coherent fraction can be described by a Debye-Waller factor (i.e. a mean square atomic
displacement) it can be seen that any reduced coherent fraction can be equally well
fitted by some combination of layer spacings which approximately simulates the
required atomic displacement distribution. Consequently, a pair of symmetrically
displaced layer spacings will provide a very similar fit to that of the two component
layer spacings. Therefore, it is difficult to establish error limits on the alternative fits as

the layer spacings and coherent fractions are coupled.
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All the NIXSW profiles (both substrate and adsorbate) were fitted using a Gaussian X-
Ray beam energy diffraction peak (instrumental) broadening o, where 6 = 0.615, 0.880
+ 0.1 eV for the two different experimental runs carried out. The adsorbate NIXSW
profiles were then fitted by varying the coherent position, Ad and coherent fraction, f,.
The distances (obtained from the NIXSW best fits) of the mercury adsorbate atoms
from the Ni substrate layers are relative to the nearest extended scatterer plane. The
adsorption sites were calculated using the triangulation method (Frost et al. 1967,
Kerkar et al. 1992a, 1992b) outlined in section 2.1.3.1. The peak-to-peak height ratios
of the mercury and nickel peaks in the Auger and photoelectron scans were calculated
for the various adsorbate structures formed. Their values corresponded with those
expected for the coverage of each adsorbate structure produced. This provided yet
another indication that the correct adsorbate structures had been formed. All the
spectra for the p(2x2)-0.5ML and (\/3X\/3)R3 0°-0.33ML structures were taken at both

298 K and 138 K. The “c(2V3x2V3)R30°7-0.64ML structures were scanned at 185 K.

41T i(111 r

Representative NIXSW results for the Ni(111) substrate (from the p(2x2)0.5ML - Hg
structure results) are shown in figure 4.1.1. The NIXSW spectra for all the other
structures ((V3xV3)R30°-0.33ML and “c(2V3x2V3)R30°7-0.64ML) are identical to the
ones shown here for the p(2x2)0.5ML - Hg structure. Hence the crystal surface can be

assumed to be of good crystallographic order and the different mercury structures do
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not affect the structure of the nickel substrate. The substrate NIXSW spectra were
fitted with a broadening width, c = 0.615 eV. It can be seen that the representative

spectra along with their best fits shown in figure 4.1.1. differ slightly in shape
indicating that the (111) and (111) will give different fitting parameters. The (111)
profile has a negative excursion of approximately 0.65 and a positive excursion of 1.95
at the higher energy side of the profile. Whereas the (111) profile has a negative

excursion (again at the lower energy side of the positive excursion) of 0.75 coupled
with a positive excursion of approximately 1.75. All the substrate NIXSW profiles

were fitted with a coherent position of 0 or 2.03 A (= dyy)) for both the (111) and
(111) reflections. Hence, the coherent position obtained from the substrate absorption

signal is consistent with the absorbers being coincident with the scatterer planes, as

expected (Kadodwala et al. 1995). The substrate NIXSW profiles also produced a
coherent fraction of 0.940.1 for the (111) and 0.8 + 0.1 for the (111) reflections
(figure 4.1.1.). The slightly smaller nickel coherent fraction for the (111) reflections

indicates that there is more substrate disorder parallel to the surface, than

perpendicular to it. This also indicates that the (111) NIXSW fits will be of better

quality compared with the (111) fits.
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Figure 4.1.1. Ni(111)/Hg-p(2x2)-0.5ML structure (111) (a.) and (111) (b.) NIXSW

scans and best fits for Ni (2ps/, photoelectron peaks) for the sample at T=298 K.

4.2 The Ni(111 —(V3xV3)R30° Str

For the (V3xV3)R30°-0.33ML structure several NIXSW adsorbate absorption profiles
were taken for the (111) and (111) reflections at the two temperatures of 298 K (six
(111) scans and five (111) scans) and 138 K (two scans of both (111) and (111)

reflections). The observed LEED patterns were consistent with that of a (V3xV3)R30°

structure. These LEED patterns were still visible after the NIXSW experiment and
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became sharper on cooling to 138 K. The Hg:Ni peak-to-peak ratios of the Auger,
EDC and NIXSW profiles gave an average coverage value of 0.3340.05 and
0.31£0.04 for the 138 K and 298 K structures respectively. These values are in close
agreement with the anticipated coverage of 0.33ML for the (V3xV3)R30° structure.
Representative NIXSW results for the Ni(11 1)/Hg—(\/3x\/3)R30° structures are shown
in figures 4.2.1. and 4.2.2. along with their best fits. The spectra are identical to the
other spectra and fits obtained for the Ni( 111)/Hg—(\/3x\/3)R30° structure. These
NIXSW spectra were fitted with a broadening width, ¢ = 0.880eV. The results of

these fits are detailed in table 4.2.1.

It can be seen that spectra taken at the two different temperatures, figures 4.2.1. and
422, differ slightly in shape. The Ni(111)/Hg—(V3xV3)R30°-0.33ML adsorbate
NIXSW spectra also have a different size and shape compared with those of the Ni
substrate scans, thus indicating that the fitting parameters will be different compared
with those for the Ni substrate. This indicates, as expected, that the mercury atoms will
reside at a different distance from the extended scatterer planes than the substrate
atoms and these adsorbate atoms will also produce different coherent fractions from

best fits of the NIXSW profiles.
The (111) profiles for both temperatures are similar in shape, with almost no negative

excursion. However, the positive excursion of 2.1 for the low temperature profile is

higher than that of the room temperature profile (positive excursion = 1.9), thus
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indicating a higher coherent fraction for the low temperature profile and consequently

the cold structure.

The (111) scans at 298 K (figure 4.2.1. (b.) shows a typical example) were slightly
different to the cold, 138 K scans. The room temperature profile is almost Gaussian
with a positive excursion of 1.5 and no negative excursion, indicating a coherent
fraction close to zero. However, the low temperature profile has a noticeable dip (to
approximately 0.925) on the low energy side of the scan and a positive excursion of

1.55, thus indicating a higher coherent fraction than the higher temperature spectra.

Reflection Temperature | Coherent Position | Coherent Fraction
(111) 298 K 2.46 (+0.2) A 0.68 (+0.10)
(111) 138 K 2.40 (0.2) A 0.78 (+0.10)

(T 1 1) 298 K 0.40 (+1.00) A 0.05 (+0.05)
(Tl 1) 138K 0.10 (£1.00) A 0.35 (+0.05)

Table 4.2.1. The fitting parameters obtained from the Ni(lll)/Hg—(\/3x*/3)R30°

structure NIXSW profiles for both (111) and (Tll) reflections at room temperature

(298 K) and 138 K.
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Figure 4.2.1. Ni(l11)/Hg—(\/3X\/3)R30°-O.331\/[L structure (111) (a.) and (111) (b.)
NIXSW scans and best fits for Hg (3ds;, photoelectron peaks) for the sample at T =
298 K.
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Figure 4.2.2. Ni(11 1)/Hg—(\/3X\/3)R30°-0.33ML structure (111) (a.) and (111) (b.)

NIXSW scans and best fits for Hg (3ds» photoelectron peaks) for the sample at T =

138 K.
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These data values shown in table 4.2.1. were calculated as an average of the fitting
parameters obtained from the best fits of all the NIXSW profiles taken for each
structure at the different temperatures. The errors in the fitting parameters are obtained
by determining the range of possible fits that acceptably match the experimental

profiles and using this range as an agreeable error margin. It can be seen that the (111)

distances agree quite well within the error margins, but the (111) distances are

different. However, the (111) results have very low coherent fractions, thus producing
the difference in adsorbate distances. The high coherent fractions of the (111) fits
imply a rather well defined height above the (111) planes. However, the coherent
fractions for the (111) reflections suggest several different contributing heights above
the angled (111) planes. The results shown in table 4.2.1. also indicate by the larger

coherent fraction for both reflections at the lower temperature that there could be
thermal motion present as the order of the surface has increased by “freezing” the

surface structure.
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4,3 The Ni(111)/Hg—-p(2x2)0.5ML Structure

Several Ni(111)/Hg-p(2x2)0.5ML structure adsorbate absorption profiles were taken

for the (111) and (111) reflections at 298 K (five (111) scans and five (11 1) scans)

and 138 K (two scans of both (111) and (111) reflections). The observed LEED
patterns were consistent with those expected for a p(2x2)0.SML structure and were
visible after the NIXSW experiment. These LEED patterns became sharper when
cooling to 138 K. The Hg:Ni ratios of the Auger, EDC and NIXSW profiles gave an
average value of 0.50+0.09 and 0.50+0.05 for the 138 K and 298 K structures
respectively. Representative individual NIXSW scans together with their best fits for
the Ni(111)/Hg—p(2x2)0.5ML structure are shown in figures 4.3.1. and 432 A
Gaussian broadening width of 0.615 £ 0.1 eV was used to fit spectrum 4.3.1.a. and a
width of 0.880 + 0.1 eV was used to fit spectra 4.3.1.b. and 4.3.2. The results of these

fits are detailed in table 4.3.1.

As for the Ni(11 1)/Hg—(\3x\3)R30° structure, the (111) profiles for both
temperatures are quite similar in shape, with only a small negative excursion
(to 0.975). However, the low temperature profile had a lower positive excursion of 2.0
compared with that of the room temperature (positive excursion of approximately
2.05) indicating a higher coherent fraction for the cold structure (see below). The fairly
high coherent fraction of the (111) reflection again implies a rather well defined height

above the (111) planes. These (111) scans (Figure 4.3.1. (a.) and 4.3.2. (a.)) were the
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same, to within noise level, as those for the (\/3X‘/3)R30° structure, see figures 4.2 1.

and 4.2.2.

Again, the (111) scans at 138 K were slightly different to the room temperature scans.
Furthermore, the (111) scans were similar to the profile for the (\/3X\/3)R30°—Hg
structure (figure 4.3.2.) taken at 298 K and would therefore be expected to provide
similar fitting parameters to those for the (¥V3xV3)R30° structure. Both the (111)
reflections (figures 4.3.1. (b.) and 4.3.2. (b.) show typical examples), taken at room

temperature gave a much smaller peak ~1.4 in height and were approximately Gaussian

in shape. Therefore, lowering the temperature of the surface to 138 K seemed to have
no effect on the (111) data (figure 4.3.2.b.) apart form a very small effect in the form
of a small dip on the low energy side of the scan, on the shape of the 138 K data. The

low peak height of the (111) data suggests a coherent fraction close to zero, which

would imply several contributing heights along the [111] direction.

It can be seen that the coherent fraction of the (111) scans is quite small in
comparison with the (111) value and that the errors in the adsorbate position are
relatively large for both reflections. The coherent fraction for the (111) scan taken at
138 K is comparable to that for the room temperature scan, which therefore does not
indicate an elimination of thermal motion by cooling the structure and effectively
“freezing” the structure on the surface in contrast to the Ni(lll)/Hg—(\/3x\/3)R30°-

0.33ML results.
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Figure 4.3.1. Ni(111)/Hg—p(2x2)-0.5ML structure (111) (a.) and (111) (b.) NIXSW

scans and best fits for Hg (3ds,, photoelectron peaks) for the sample at T = 298 K

The table of results also shows that both the (111) and (111) distances agree within
the error margins. The high coherent fractions of the (111) fits again indicate a rather
well defined height above the (111) planes, unlike the coherent fractions for the (111)
reflections, which suggest several different contributing heights above the angled
(111) planes. The marginally higher coherent fraction of the (111) cold NIXSW
profile could suggest a possible “freezing” of the structure, but this is not substantiated
by the (111) 138 K scan’s coherent fraction. The low coherent fraction of the (111)

data renders the NIXSW profiles insensitive to the position of the adsorbate relative to
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the extended scatterer planes, as any adsorbate height combined with a coherent

fraction of approximately zero would produce a Gaussian profile.

Reflection Temperature Coherent Position | Coherent Fraction
(111) 298 K 2.43 (10.25) A 0.58 (+0.10)
(111) 138K 243 (10.25) A 0.78 (+0.10)
(111) 298 K 1.69 (+1.00) A 0.05 (£0.05)
(111) 138 K 1.81 (¥1.00) A 0.05 (+0.05)

Table 4.3.1. The fitting parameters obtained from the Ni(111)/Hg-p(2x2)-0.5ML
structure NIXSW profiles for both (111) and (111) reflections at room temperature
(298 K) and 138 K.
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Figure 4.3.2. Ni(111)/Hg-p(2x2)-0.5ML structure (111) (a.) and (111) (b.) NIXSW

scans and best fits for Hg (3ds», photoelectron peaks) for the sample at T = 138 K
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4.4 The Ni(111 —“¢c(2¥3x2V3)R30°” r

One profile was taken for the “c(2\/3x2\/3)R30°”-0.64ML structure for each reflection
at 185 K. The Hg:Ni peak to peak ratios of the Auger, EDC and NIXSW profiles gave
an average value of 0.6610.16, concordant with a coverage of 0.64ML expected for
the “c(2V3x2V3)R30°7-0.64ML structure. The LEED pattern observed both before
and after the NIXSW experiment was consistent with that of the “c(2V3x2V3)R30°”-
0.64ML (x=0.18) structure. The NIXSW spectra for the Ni(111)/Hg—c(2V3x2V
3)R30°7-0.64ML structure are shown in figure 4.4.1. along with their best fits. These
spectra were fitted with a Gaussian energy broadening width of 0.615 + 0.1 eV. The

results of these fits are shown in table 4.4.1.

The (111) scan (figure 4.4.1. a.) was similar to the (111) scans for the other structures,
with a positive excursion of approximately 1.95, and a negative excursion of 0.95 at
the lower energy side of the profile. Therefore, the coherent fraction and coherent
position obtained from the fit of the (111) NIXSW profile was similar to those

obtained for the other structures.

The (111) scan (figure 4.4.1.) had a peak with a positive excursion of approximately

1.28, which was smaller than that for the p(2x2)-0.5ML and (V3xV3)R30° structures.
Also, the negative excursion of approximately 0.98 was on the higher energy side of

the profile relative to the positive excursions. The fit of the (111) profile, gave a
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higher coherent fraction of 0.29 (+0.05). Consequently, this higher coherent fraction

indicates that there may be a decrease in the disorder and number of contributing

heights relative to the (111) plane than for the previous NIXSW profiles.
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Figure 4.4.1. Ni(11 1)/Hg—“c(2\/3x2\/3)R30°”-O.64ML structure (111) (a.) and (111)

(b.) NIXSW scans and best fits for Hg (3ds, photoelectron peak) for the sample at
T=185K.

Reflection Temperature Coherent Position | Coherent Fraction
(111) 185K 2.35 (0.20) A 0.76 (+0.05)
(111) 185K 1.56 (+0.85) A 0.29 (+0.05)

Table 4.4.1. The fitting parameters obtained from the Ni(11 1)/Hg—“c(2V3x2V3)R30°"-
0.64ML structure NIXSW profiles for both (111) and (111) reflections 185 K.
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It can be seen that the coherent fraction of the (111) scans compared with the (111)

value is larger than the coherent fraction for the other Hg/Ni(111) structures. It should
also be noted that the errors in the adsorbate position are relatively large. The lower
coherent fraction of the (111) fits indicate a less well defined height above the [111]
planes, unlike the coherent fractions for the (111) reflections, for which the reverse is

true.

4.5 f Ni(11 re R

The coherent position is given as the height above the extended scatterer planes, plus
an integral number of layer spacings appropriate to the adsorbate-substrate bond
distance. If one considers the (111) reflection distance, Ad (A), it can be seen that this
adsorbate height above the (111) substrate scatterer planes indicates a Hg-Ni
separation much smaller than the Hg-Ni bond length (2.63 A) in the NiHg amalgam

(Puselj and Ban 1997). Therefore, the mercury adatom is assumed to be located at a

height of (Ad + 2.03) A above the (111) substrate planes. However, for the (111)
distance, the Ad (A) value does not create an unfeasibly small Hg-Ni bond distance

above the (111) substrate scatterer planes.

The remainder of this section provides a brief comparison of the experimentally
observed adsorbate positions with those expected for various adsorption geometries

and Hg-Ni bond distances.
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Structure (111) Reflection (111) Reflection | Temp
(K)
(Ad+2.03) A f, Ad (A) fo
(‘/3x\/3)R30° 246+0.20 {068+0.10{040+1.00{0.05+005| 298
246+0.20 | 0.78+0.10|0.10+1.00 | 0.35+0.05| 138
p(2x2)-0.5ML 243+025 | 058+£0.10]1.69+1.00|0.05+005| 298
243+025 [{078+0.10{1.81+1.00|005+005| 138
“0(2\/3X2\/3)R30°” 235+020 [0.76+005]1.56+085|029+005] 1385

Table 4.5.1 Summary of the experimentally determined coherent positions (Ad) and
coherent fractions (f;) for the Hg adsorbate NIXSW profiles obtained from the (111)
and (111) reflections for the Ni(111)/Hg structures.

Poulsen et al. 1994 determined the Ni-Hg bond length to be 2.86 A for mercury on
Ni(100) at 115 K, with adsorption in the four fold hollow, while NIXSW data for the
same surface at 300 K (Prince et al. 1989), gave a bond length of 2.95 A (Poulsen et
al. 1994) after recalculation for adsorption in the four fold hollow. The mean of these
two distances (2.91 A) can be used as a Hg-Ni bond length for the Ni(111) surface.
We can therefore calculate the layer spacing expected for mercury adsorption in the
atop, 2-fold bridge and 3-fold hollow sites on the Ni(111) surface using the equations
obtained from figure 4.5.1. (see table 4.5.2.). The nickel metallic radius is 125 A

(MacGillavry 1968), therefore the Ni-Ni bond length is assumed to be 2.50A.
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Alternatively, the radius for atomic mercury (1.484) (MacGillavry 1968) can be used
along with the nickel metallic radius (1.25A) (MacGillavry 1968) to give a Hg-Ni
separation of 2.73 A. If this value can be substituted into the equations obtained in
figure 4.5.1. to provide yet another set of adsorption heights (Table 4.5.2)). Also, the
Ni-Hg bond distance (2.63A) (Puselj & Ban 1977) can be used to provide a third set of

adsorption heights using the equations used for the previous theoretical values (Table

452)

Adsorption (111 Refl. (111) Refl.

Site (Ad di;1)) (A) Ad (A)

A B C A B C

Atop 291|273 1263]097] 0091|088
2-fold bridge (a) 2.63 | 243 | 231|087 | 0.81 | 0.77
2-fold bridge (b) 263 | 243 [ 231|189 | 183|179

3-fold hollow (FCC) | 2.53 | 239 {220 | 0.17 | 0.12 | 0.06

3-fold hollow (HCP) 25312391220} 152|148 | 141

Table 4.5.2. Calculated heights of mercury above the (111) and (111) planes for

A) Fixed Ni-Hg bond distance of 2.905 A, B) A Hg-Ni separation of 2.73 A obtained
for the mercury atomic radius (1.48A), and the nickel metallic radius (1.25 A) and C)
The Hg-Ni bond distance (2.63 A) (Puselj & Ban 1977).

109



Atop Site

x=ng+rNiA

Bridge Site

height, z = [x*~(y/2)*]%

Three-fold Hollow Site

2
— y y
s/3
y/2 y/2
LS = (%yz)l/’

Cross Section along AB

height, t = [x” - (2s/3)*]*

L t=[x2-y3]"

Farthest Away
Atom

Figure 4.5.1. A schematic diagram showing how the theoretical [111] adsorbate

heights were calculated.
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The 298 K and 138 K (111) reflection profiles for the (\/3x\/3)R30° structure gave
coherent positions of 2.46 £ 0.20 A consistent with adsorption in either a 2-fold bridge
site, or a 3-fold hollow (face centered cubic (FCC) and hexagonal close packed
(HCP)) site (only for B and C calculations). The (111) NIXSW fitting parameters
cannot distinguish between the different types of bridge (case a. and b.) and 3-fold
hollow (HCP and FCC) sites (see chapter 2). The face centered cubic sites are where
the next layer of nickel atoms would have occurred and the hexagonal close packed are

where there is a nickel atom sat directly below the three-fold site. Therefore, the
(111) results are also needed to enable one to distinguish these different adsorption

sites from the fitting parameters. Neither (111) reflection profiles gave a coherent

position indicating adsorption in an atop site. Unlike the (111) profiles, the NIXSW
scans for the (111) profiles are able distinguish between the two possible bridge sites
and the FCC and HCP sites. However, it is difficult to make any comparison of the
(111) reflection values without the Argand diagram analysis discussed in the next

chapter.

Both the 298 K and 138 K (111) reflection profiles (table 4.5.1.) for the p(2x2)-0.5ML
structure gave coherent positions of 2.43+0.25 A. This coherent position indicates
adsorption possible in either an atop site (for calculation A), a 2-fold bridge site (for A,

B, or C calculations), or a 3-fold hollow (HCP or FCC) site (for A, B, or C

calculations). Again, it is difficult to compare theoretical values obtained for the (111)

profile.
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The experimental (111) adsorption height of 2.35+020 A obtained for the
“c(2V3x2V3)R30°” structure placed the mercury atoms in bridge ( for B or C

calculations) or 3-fold (FCC or HCP) hollow sites (for A, B, or C calculations).

It is worth noting that the (111) reflection is established at relatively grazing incidence
(19.5°) to the surface compared with the (111) reflection (90°). Consequently, the area
of surface illuminated by the X-Ray beam is larger for the (111) reflection, and not

precisely coincident with that illuminated for normal incidence. This difference could
affect the coherent fraction observed for the two different reflections as the beams
could be illuminating slightly different areas on the crystal surface. The high coherent
fraction of the substrate NIXSW profiles (0.940.1 for the (111) and 0.8 + 0.1 for the
(111) reflections) is consistent with a well ordered substrate surface and does not
account for the comparatively low coherent fractions of the adsorbate NIXSW
profiles. The coherent fractions for the (111) profiles obtained from the fits of the
(V3xV3)R30° and the p(2x2)-0.5ML structures indicate that the coherent position for
both sets of data could be ascribed to a single adsorbate-substrate layer spacing of the
same value. The relatively high (111) coherent fraction of the “c(2V3x2V3)R30°”
structure could have a similar effect. The low coherent fractions for the (111) profiles
(which are lower than the value of ~0.5 (Kadodwala et al 1995) that one would
expect) suggest that there is a large amount of static or dynamic disorder about the

mean position with respect to the (111) planes. This information combined with the

relatively high (111) coherent fraction suggests that there is little motion perpendicular
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to the surface, but a large amount of disorder parallel to the surface. Such disorder
would have no effect on the (111) NIXSW results, but would lead to displacements
quite close to perpendicular to the (111) planes. The low (111) coherent fractions
and large errors in the coherent positions for the various structures also indicates that
there is a large amount of uncertainty in the Ad values. If the nearest neighbour Hg-Hg
interactions were sufficiently strong, they could lead to static random displacements of
the adsorbate atoms off the exact high symmetry sites. It has often been postulated that
mercury atoms are a very mobile adsorbate (Swanson et al 1968, Jones & Perry 1978,
Singh & Jones 1988 and 1990a and Kime et al 1992) and are expected to form island
structures when adsorbed on metal single crystal surfaces (Jones & Perry 1978, Singh
& Jones 1989a and 1989b, Li et al 1992a and Li et al 1992b). The atomically smooth,
close packed surface of the Ni(111) crystal (Singh & Jones 1989a, 1989b) does
possess quite small geometrical corrugations. These corrugations would offer httle
resistance to lateral movements of an adsorbate and will be discussed in more detail in

the next chapter.
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Another explanation of the low (111) coherent fraction could be that there is more

than one layer spacing involved, that is, more than one site may be occupied. Due to
the high coherent fractions obtained for the (111) NIXSW profiles, this interpretation
would require that these various sites have essentially indistinguishable (111) layer
spacings. When one considers the various heights above the (111) planes for the
different adsorption sites, in comparison to the large mercury diameter (2.96A)
(MacGillavry 1968), the different sites do appear to have very similar values (figure
4.5.1.). The calculated (111) heights for the 2-fold bridge and 3-fold hollow sites differ
only by 0.1 A, which is a direct consequence of the large size of the mercury atom
relative to the unit mesh of the Ni(111) surface. Again, this will be discussed in greater

detail in the next chapter.
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Figure 4.5.1. A scale diagram showing the small difference in adsorbate heights for the
various high symmetry sites (atop, bridge, 3-fold) with respect to Hg atomic diameter

(2.96A) and the nickel substrate layer spacing (2.04A).



S Mercurv A ion on Ni(111) Di ion

Island formation (patches of adsorbate separated by patches of adsorbate free
substrate) of the adsorbate species requires that the adsorbate is able to diffuse across
the surface. In response to attractive adsorbate-adsorbate interactions, adsorption only
occurs at the perimeter of the islands (Evans 1989). These types of adsorbate-
adsorbate attractive lateral interactions have been seen to produce two-dimensional
ideal gas behaviour at low coverages for mercury adsorbed on the more corrugated
(100) surface of nickel (Jones and Tong 1987). Swanson et al. (1968) also stated that
mercury behaved more like a common gaseous adsorbate (CO,, N,, O,, etc.) rather

than an electropositive metallic adsorbate.

As the heat of chemisorption usually decreases with increasing coverage, the mobility
of adspecies tends to be more possible at higher coverages. The mobility of an adatom
will vary for different crystallographic planes of the same metal substrate and possibly
different areas of the surface if surface heterogeneity is suspected (King and Woodruff
1983). Hence, for a more close packed surface (i.e. the smaller the corrugation), the
adsorbate is more able to migrate across the surface (Tompkins 1978). A weak
corrugation in the mercury-substrate interaction energy as a function of lateral position
on the surface is expected. This is due to the large mercury size (relative to the small
Ni(111) unit mesh size) and non-directional bonding (due to the closed shell

configuration).
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The Argand diagram analysis method (Woodruff et al. 1994) outlined below (described
in detail in section 2.1.2.) is the technique used to analyse our NIXSW data. The fitting
parameters obtained from each NIXSW scan, f. (coherent fraction) and Ad (coherent
position) can be represented as vectors on an Argand diagram. The length of the
vector represents the coherent fraction, f. and the angle of the vector measured anti-
clockwise from the positive real axis represents the value 2nAd/dy,, where Ad is the
coherent position (A) and dyy is the distance between the (hkl) reflecting planes. For
the Ni(111) surface, this is the (111) and (111) layer spacing depending on which
reflection is used. A coherent fraction, f. of 1.0 and a coherent position, Ad of zero (or

any multiple of d1;) is expressed as a unit vector lying along the positive real axis

(figure 2.10).

As described in section 2.1.3.1. a single layer spacing relative to the (111) planes only

occurs for those adsorption sites which retain the full three-fold symmetry of the
substrate (FCC, HCP and atop sites). Once these symmetrically equivalent sites have

been taken into account, any adsorption site having less than 3-fold symmetry will lead
to two or more different (111) layer spacings (Woodruff et al. 1994). Consequently,
an experimental (111) adsorption profile produced by adsorption sites with less than

3-fold rotational symmetry would yield a very low coherent fraction (typically 0.5 or

less) or would not be fitted by a single layer spacing.
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A low coherent fraction for the substrate absorption profile can be attributed to non-
uniform regions of the surface which are therefore incoherent with the underlying bulk
layers in which the standing wavefield is established. Hence, the adsorbate coherent

fraction cannot usually be of a greater value than that of the substrate.

Specifically, a pair of symmetrically displaced layer spacings will provide a very similar
fit to that of the mean layer spacing along with a reduced coherent fraction. This
reduced coherent fraction corresponds to an average displacement similar to that of the
2-component layer spacings. Hence, as described in the experimental chapter, it is
difficult to set error limits on the alternative fits since the layer spacing and coherent
fraction are coupled. The coherent fractions and positions resulting from the nickel
substrate scans have similar values to those expected for a well-ordered crystal surface,

thus indicating that the adsorbate coherent fraction results can be compared with the

substrate coherent fraction of 0.9 + 0.1. For the (111) data, the steep angle these

planes make to the sample surface (70.5°) ensure that the Ad values (which are 19.5°
to the surface, figure 2.15.) have a large component (94%) parallel to the surface.
Consequently, any NIXSW experimental data obtained for the (111) direction will

provide information about the adsorbate’s behaviour parallel to the surface.

The NIXSW method determines the adsorption site relative to the continuation of the
underlying bulk substrate in which the standing wave is established (section 2).
Therefore, a change in the top one or two layer spacings of the substrate will mean that
the coherent position will be the true Hg-Ni layer spacing plus the amount by which
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the top layer of the substrate has expanded and not the spacing of the adsorbate layer

from the substrate layer (Prince et al. 1989).

Sizeable adsorbate-adsorbate interactions are expected for mercury, as its boiling point
of 630 K (Lide 1992) is indicative of strong bonding in the pure element. Atomic
mercury has a full set of 5d and 6s valence orbitals and its chemical behaviour is
therefore fairly inert. Consequently the mercury adatom only bonds weakly through its
s-orbitals to the nickel substrate surface. The combination of the small Ni(111) surface
corrugation (due to small surface unit mesh) and weak Hg-Ni surface bonding allows
the Hg s-orbitals to overlap. Such an s-orbital overlap allows lateral Hg-Hg
interactions which influence the adsorbate surface structure (Singh et al. 1993). Over a
range of Hg-Hg separations for different mercury sub-monolayer films, the smaller the
separation, the smaller the attractive pairwise interaction. For a sufficiently small Hg-

Hg separation, the lateral interaction becomes repulsive.

5.1 The Ni(111)/Hg—(¥3xV3)R30° 0.33ML Structure - (111)_Reflection

The behaviour of the isosteric heat of adsorption, q« for mercury adsorbed on Ni(111)
has indicated strong attractive lateral interactions between the mercury atoms sites
[Varma et al. (1986) and Singh & Jones (1988 and 1989b)]. Singh (1989) also stated
that the Hg-Hg separation of 4.31A, which is greater than that for the low pressure
a-Hg (2.99 A, Donohue 1974) indicates a high probability of attractive lateral

interactions. Therefore, when adsorbate-adsorbate lateral interactions are strong and
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attractive and the adsorbate-substrate interaction is weak, island formation is thought
highly probable (Morrison 1977). This is because the weak adsorbate-substrate
interaction allows the adsorbate to diffuse across the surface and the strong adsorbate-
adsorbate interaction causes the adsorbate atoms to form islands. These adsorbate-
adsorbate lateral interactions are thought to be responsible for the formation of rafts
of Hg adatoms on the Ni(111) surface which can compress and alter in response to
coverage changes (Singh & Jones 1988). The formation of mercury rafts (Singh &
Jones (1988 and 1989b)) has also been implied by LEED observations. Dowben et al.
(1987) also found that mercury formed islands when adsorbed on a Ag(100) surface.
Island structure has also been observed when mercury adsorbs on the Cu(100)
(Dowben et al. 1990b), W(100) (Jones and Perry 1978) and W(110) (Zhang et al.
1993 and 1994a) surfaces. The mercury adatoms in these islands are expected to be
subject to two conflicting forces as proposed for the mobility of Pt clusters on Pt(111)
by Li et al. (1994). They stated that the adsorbate atoms would be pulled into the
adsorption sites by the binding energy of the surface. The distance between the two
adjacent adatoms would then be forced to equal the distance between the sites.
However, the binding energy between the two adjacent atoms in the island compels
them to occupy a separation compatible with the bond length. If the bond length is
different from the site-to-site distance, the atoms in the island have to compromise
between these two tendencies. Consequently, as the cluster is displaced some of the
atoms will find less stable (higher energy) positions and therefore the clusters’ ability to

slide as a whole will increase.
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Using a hard sphere model, consideration of the large size of the Hg atom (2.99 A van
der Waals diameter (Singh 1989)) and the small Ni(111) hexagonally close packed
surface net (unit mesh size of 2.49 A (Singh 1989)) indicates that the Hg could move
from the 3-fold hollow site via the 2-fold bridge site to the atop site with relative ease.
Band structure calculations (Singh et al. 1993) have shown that the change in work
function for these three sites is approximately 0.1 eV with a work function of 4.99 eV
for the (\/3x\/3)R30° structure. Singh and Jones (1989b) have already stated that the
surface structure formation on the particularly smooth corrugation of the Ni(111)
surface (small unit mesh and hexagonally close packed structure) is dominated by the

large mercury adsorbate exhibiting strong Hg-Hg lateral interactions.

Despite the strong adsorbate-adsorbate interactions and the weak corrugation of the
adsorbate substrate potential for a single adsorbed atom, it is clear from the
observation of the commensurate LEED patterns that commensurate structures are
formed. Dowben et al. (1988) have also observed mercury adsorbate structures which
are largely coincident with their substrate (CuszAu(100), Ag(100), Fe(100) and
W(100)). However, an overlayer of this type should be unstable to low frequency
“soft”’) phonon modes involving substantial local displacements parallel to the surface.
The local displacements parallel to the surface in such a (long wavelength) mode can
be much larger than the changes in the local adsorbate-adsorbate nearest neighbour
distances which can be expected to be constrained by the long adsorbate-adsorbate
interactions. The LEED pattern from such a layer would remain that of a rigid

commensurate overlayer, as the orientation and spacing of the adlayer net remains
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fixed, but the large amplitude of the vibration across the surface would produce a large

distribution of distances parallel to the surface and hence a large distribution of Ad
with respect to the (111) planes. For the above postulate all possible positions with

respect to the (111) planes would be equally probable and we would attain the
homogeneous distribution of adsorbate heights essential for a coherent fraction of
zero. This creates an apparent paradox where the (111) NIXSW data with £, ~ 0.2 is

consistent with a rather disordered surface, but in contrast the sharp LEED patterns

observed are consistent with a high degree of crystallinity in the adlayer.

It is proposed that the Hg rafts mentioned above, as a whole and at constant coverage,
can translate across the substrate surface. This agrees with the weakly chemisorbed
mercury adlayers described in previous studies (Ag(100)-Onellion et al. 1986, Ni(111)-
Singh and Jones 1989b). Translations in all directions across the surface would

produce an even distribution of distances parallel to the surface and therefore an even
distribution of Ad relative to the (111) planes. It should be noted that in any domain,
translations parallel to the (111) planes will generate a definite coherent position, Ad.
Hence, any departure away from f. = 0 may be due to either translation parallel to the
(111) planes or to some preference to a specific adsorption site. If the Hg adatoms
were able to translate freely across the Ni(111) surface, the adsorption would be
entirely disordered, therefore the Hg atoms would be randomly adsorbed at an “xy”

position on the Ni surface. The (111) NIXSW results would therefore have very low

coherent fractions indicative of several different contributing heights above the angled
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(111) planes. Such low coherent fractions for the (111) NIXSW results have been
observed. In the absence of a more conclusive explanation, the (111) NIXSW spectra

indicate that the Ni(l11)/Hg—(\/3X\/3)R30°-O.331\/1L structure consists of islands that
are able to translate in all directions across the surface. These translations subsequently
produce an even distribution of distances parallel to the surface and therefore an even

distribution of Ad relative to the (111) planes.

It has been shown (Wright and Chrzan 1993) that the surface of K(110) has a (1x1)

structure with a large fluctuating displacement (~ 0.45 A root mean squared at T = 25
K) of the surface layer along the [110] direction rather than a static lateral shear

displacement reconstruction as originally proposed (Itchkawitz et al. 1992). The
magnitudes of these fluctuations are said to increase with temperature. This is the type
of motion we postulate for our Hg adlayers. The two systems are similar in that both
mercury and potassium are low melting point metals, 234 K and 336 K respectively
and interact primarily via their non-directional s-orbitals. Therefore, one might expect
the mercury, which is bonded relatively weakly (isosteric heat of adsorption = 110-200
kJ] mol’ Singh and Jones 1990a), compared with the lateral interactions, to the
hexagonal Ni(111) to behave similarly to potassium on the pseudo-hexagonal (110)
face of potassium (AH® sublimation ~ 80 kJ mol™). The temperature used for the
potassium LEED study was 25 K, which is much lower than the 138 K used in this
study. However, the root mean squared displacement of 0.45 A for the surface layer of

potassium was still appreciable. Consequently we would not expect to significantly
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reduce the motion of the Hg surface by merely cooling it from 298 K to 138 K and

indeed the NIXSW spectra only changed very slightly on cooling.

The Hg-Hg adsorbate interaction has previously been thought induce mercury adatoms
to move with coverage dependent vibration amplitudes (0.1 £ 0.03 A at 115K for
low coverage of 6 ~ 0.18 ML and higher for 8 ~ 0.45 ML) on nickel surfaces (Poulsen
et al. 1994). This adlayer would create a LEED pattern consistent with our
observations, as the orientation and spacing of the adlayer net remains fixed. The
mercury adlayer rafts may be unable to rotate freely and forced to translate across the
surface due to the following: steps (Barber and Loudon 1989 and Giinther et al. 1993)
on the surface may inhibit the rotation of the semi-rigid rafts; or the adsorption energy
corrugation of the raft and substrate combination is channelled in the low muller indices
directions with significant barriers between the channels. Therefore, the raft can move

bodily in the directions of the channels but not rotate.

Singh and Jones (1990a) proposed that the mercury islands observed in their study
were able to rotate freely on the Ni(111) surface. In contrast, the rafts postulated here
would not be able to rotate on the substrate surface, as this would not produce the
sharp LEED spots observed in our experiments. This is in agreement with the lack of
LEED structure observed at higher temperatures (310 K < T 351 K) by Singh and
Jones (1989b) which was attributed to a combination of the smooth corrugation of the

Ni(111) surface and the Hg adatom interactions allowing the mercury islands to rotate
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freely to any orientation (Singh 1989). Therefore the adlayer rafts would be free to

rotate across the Ni(111) surface, thus creating blurred or even no LEED structure.

In previous studies (Varma et al. (1986) and Singh & Jones (1989b)), the mercury
atoms for the (V3xV3)R30°-0.33ML structure were arbitrarily placed in the more
energetically favoured three-fold hollow sites on the Ni(111) surface (figure 5.1.1.).
This hypothesis would place the mercury atoms in either face centred cubic (FCC) sites
where the next layer of nickel atoms would have occurred, or in hexagonal close
packed (HCP) sites where there is a nickel atom directly below the three-fold site
(Figure 5.1.2.). However, mercury adatoms have also been thought to reside in bridge
sites on the Ni(100) surface (Prince et al. 1989 and 1990) rather than the more
energetically favourable four-fold hollow sites (Poulsen et al. 1994 for Ni(100) and
Jones & Perry 1981 for Fe(100)). Consequently, the adsorption sites suggested for the
(V3xV3)R30°-0.33ML structure by previous studies have all been arbitrary and it is
therefore reasonable to say that the Hg adatoms could be located in any of the high

symmetry sites.
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Figure 5.1.1. A schematic diagram of the possible Ni(11 1)-(\/3x\/3)R30°-Hg-0.33ML real
space structure (plan and side views) containing one mercury atom per unit mesh, with the
mercury atoms arbitrarily located in three-fold hollow sites. The mercury adatom surface
net, Hg-Hg adsorbate and Ni-Ni substrate separation are also shown. The adlayer is not
puckered in this diagram. The (111) planes are schematically illustrated on the side view
of the structure indicating how these planes relate to the mercury adsorbate atoms'
position. The blue and red atoms represent nickel and mercury respectively. The diameters

of the atoms are relative to each other.
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Surface
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Figure 5.1.2. A diagram illustrating the difference between a three-fold FCC (Hg atom
directly above a Ni atom in the next substrate layer would have occurred) and a three-

fold HCP site (where a Ni atom is sat directly below the three-fold site).

The partial occupation of both HCP and FCC hollows can only be reconciled with
separate domains of FCC and HCP occupation if all the adsorbate atoms lie on regular
mesh domains, rather than a mixture of single sites in the domains. The difference in
the binding energies of the adsorbates at the FCC and HCP two sites could be very
small. At low coverages occupation of both sites due to the small energetic differences
is possible for adsorption of isolated atoms. High coverage occupation of both sites
would involve adsorbate-adsorbate interactions and possibly force some adsorbates
into less favourable sites. As mentioned at the beginning of this chapter, the high
coherent fraction for the (111) reflection data excludes the possibility of low symmetry

sites. There are adsorption systems in which the adsorbate appears to occupy both sites
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on an equal basis (Kerkar et al. 1992a and references therein). For single hollow site
adsorption in the few cases which have been studied using methods which permit the
examination of structures with no long-range order, adsorption is found to be

invariably in the FCC site (Kerkar et al. 1992a ).

It is conceivable that a coherent fraction close to zero can also be attained using
several equally populated adsorption sites. For example, a combination of atop, 3-fold
FCC and 3-fold HCP sites, equally populated and measured using the (111) planes
will yield an NIXSW spectrum with a coherent fraction, f. very close to zero. The
three vectors for these particular sites are approximately 120° apart from each other
(figure 5.1.3.). Therefore using simple vector addition, these vectors should almost
cancel each other out, thus producing a Gaussian NIXSW spectrum and a coherent
fraction close to zero. This type of combined adsorption is close to that of the

raft/domain idea suggested in this thesis.

The large errors in coherent position, of the (111) reflection data make it impossible

to discuss the experimental data as vectors on an Argand diagram. The very low

coherent fraction (0.05 + 0.05) of the room temperature data implies an even
distribution of adsorbate heights from zero to d;, relative to the (111) reflecting
planes. The marginally higher coherent fraction of the low temperature data (0.35 +
0.05) could be due to a reduction in the thermal motion perpendicular to the (111)

reflecting planes as the mercury surface structure is “frozen” to the Ni surface. If the



mercury atoms were in several well-defined high symmetry adsorption sites, then
cooling would still cause very little or no change, as the mercury atoms would be
“frozen” into their respective sites. As we observe very little change on cooling the

adsorbate structures, this idea must also be considered.

If the mercury atoms do not reside wholly in FCC or HCP sites, then the only other
combinations of high symmetry sites available are wholly atop, bridge (case a) or
bridge (case b) sites. At this point, the reader is reminded that there are twice as many
type “b” bridge sites than there are type “a” (section 2.1.3.1.). The Argand diagram

representation for these theoretical values of the possible sites is shown in figure 5.1.3.

Onellion et al. (1988) found that mercury adsorbed into a variety of adsorption sites on
the Ag(100) surface rather than purely in the most thermodynamically stable sites. It is
difficult to justify why different parts of these structures would have domains
consisting wholly of atop, bridge (case a), bridge (case b), 3-fold HCP, or 3-fold FCC
occupied sites. It is therefore logical to presume that the low coherent fractions in the
(111) data are due to a genuine distribution of adsorbate coherent positions, Ad.
Alternatively, the data could have contributions from both disordered and ordered
structure, which has previously been proposed for the (V3xV3)R30° structure (Zhao &

Gomer 1992).
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Figure 5.1.3. Argand vector diagram showing the vectors for the (111) illustrating the

theoretical vectors (coloured arrows) of the atop, bridge (case a and b), FCC and HCP

sites.

Static random lateral displacements of the adsorbate atoms off the exact high
symmetry sites are caused if the nearest neighbour adsorbate-adsorbate interactions are
sufficiently strong. However it seems unlikely that these displacements would be, on
average as large as 0.34 A (vertical distance between the high symmetry sites, section
4.5). The Ni-Ni separation is 2.50 A, therefore the displacements would need to be as
large as 14% of the Ni atom separation. Dynamic disorder can really only be reconciled
with such large displacements if the adsorbed atoms are assumed to be extremely

mobile on the surface.
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5.2 The Ni(111)/He—p(2x2)0.SML Structure - (111) Reflection

The p(2x2)0.5ML structure also exhibits a sharp LEED pattern with no suggestions of
any disordered component on the surface (Singh. 1989 and Singh & Jones 1990b), so
the translating adlayer model is again appropriate to account for the low coherent

fraction relative to the (111) reflection plane. Therefore, our hypothesis for the

p(2x2)0.5ML structure also agrees with that proposed for the (¥3xV3)R30° structure

in section 5.1.

The model postulated for the Ni(111)/Hg—p(2x2) - 0.5ML structure (Singh (1989) and
Singh & Jones (1988)) suggests that the mercury atoms form islands and adsorb into
three-fold hollow sites, half in FCC and half in HCP sites. Such adsorption would
construct open hexagons of mercury atoms (figure 5.2.1.) separated by 2.87 A, slightly
less than the van der Waal radius of the Hg (3.0 A) with a maximum coverage of
0.5ML. This is in close agreement with nearest neighbour distances found for mercury
adsorbed on other surfaces (2.87 A - Hg/Fe(100) Jones & Perry (1981), ~28A-
Hg/Ni(100) Jones & Tong (1987), 2.72 A - Hg/Cu;Au(100) Onellion et al. (1987) and
2.89 A Hg/Ag(100) Dowben et al. (1987a & b) and Onellion et al. (1986)). At a
coverage of approximately 0.45 ML it is more energetically favourable for the islands
to rearrange into a hexagonal mesh to form the p(2x2)-0.5ML structure (Singh and
Jones 1990a). Such a structure would display repulsive interactions due to the direct
overlap of the mercury s and possibly even d orbitals (Singh 1989). This is in

agreement with the decrease of the isosteric heat of adsorption characteristic of
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repulsive lateral interactions between the adsorbate atoms (Singh and Jones 1990a).
Singh et al. (1993) also observed d band splitting in UPS spectra of the p(2x2)-0.5ML
surface that was predominantly the effect of lateral interactions between nearest

neighbour mercury atoms.

The coherent fractions for the (111) NIXSW data are very low, with both the 298 K
and 138 K data producing a coherent fraction of 0.05 + 0.05. Therefore, as for the
(V3x3)R30° structure, it is impossible to compare the (111) NIXSW data on an

Argand diagram due to the large errors in coherent position.

Figure 5.2.2. shows an Argand diagram illustrating the theoretical vectors for
adsorption half in 3-fold HCP sites and half in 3-fold FCC sites. The coherent fraction,
fc~ 0.42 obtained by the 50:50 HCP:FCC model is obviously a great deal higher than
that obtained by the experiment. Hence, it appears that the mercury atoms do not
adsorb equally onto FCC and HCP sites, without adsorption elsewhere. By moving the
p(2x2)-0.5ML mercury adatom net laterally, the mercury atoms could be positioned in
50% atop, 50% HCP sites or 50% atop, 50% FCC sites surfaces (figure 5.2.3.) (Singh
1989 and Singh & Jones 1990a). It was also argued (Varma et al. 1986 and Singh &
Jones 1990a) that the p(2x2)-0.5ML mercury adatom net could be translated laterally
and relocated in 2-fold bridge sites. This translation would place the lattice points in
bridge sites (Varma et al. 1986), but not all Hg atoms would be in bridge sites, some

would not be in any high symmetry site (Figure 5.2.4.).
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p(2x2)-0.5ML
Unit Mesh
Dimension = 4.98 A

Figure 52.1. A schematic diagram of the possible Ni(111)-p(2x2)-Hg-0.50ML
real space structure containing two mercury atoms per unit mesh, with the
mercury atoms arbitrarily located in three-fold hollow sites (half in HCP and half
in FCC). The mercury adatom surface net and Hg-Hg adsorbate separation are
also shown. The adlayer is not puckered in this diagram. The blue and red atoms
represent nickel and mercury respectively. The diameters of the atoms are relative

to each other.
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Figure 5.2.2. Argand vector diagram showing the (111) theoretical vectors (coloured

arrows) for adsorption half in 3-fold HCP sites and half in 3-fold FCC sites (also 50%
atop + 50% FCC, 50% atop + 50% HCP).

The above discussion indicates that any particular type of high symmetry site
adsorption would produce coherent fractions well outside the errors for our low ( 111)

experimental values, so again, one would have to postulate many domains with

different adsorption sites to achieved low value of f..



Figure 52.3. A schematic diagram of the possible Ni(111)-p(2x2)-Hg-0.50ML
real space structure containing two mercury atoms per unit mesh, with the
mercury atoms arbitrarily located in A) half in atop and half in three-fold hollow
sites (HCP) and B) half in atop and half in three-fold hollow sites (FCC). The
adlayer is not puckered in this diagram. The blue and red atoms represent nickel

and mercury respectively. The diameters of the atoms are relative to each other.



Figure 52.4. A schematic diagram of the possible Ni(111)-p(2x2)-Hg-0.50ML
real space structure containing two mercury atoms per unit mesh, with the
mercury atoms arbitrarily located in bridge sites and off bridge sites. The adlayer
is not puckered in this diagram. The blue and red atoms represent nickel and

mercury respectively. The diameters of the atoms are relative to each other.



The coherent fraction of 0.29+0.05 for the (111) NIXSW data at 185 K is quite low,
and so the errors on the coherent position are high. Therefore, as for the p(2x2)-
0.5ML and (N3xV3)R30° structures, it is impossible to compare the (111) NIXSW
data on an Argand diagram due to the large errors in coherent position. The low
coherent fraction obtained from the fitting of the NIXSW scans indicates that there is
either static or dynamic disorder present. Consequently, one would expect the mercury
adatoms to behave similarly to the other structures studied. Therefore a translating
semi-rigid raft of mercury adatoms is also proposed for the “c(2V3x2V3)R30°”

0.64ML structure.

It should be noted that even though the temperature of 185K was higher than the 138K
for the p(2x2)-0.5ML and (V3x43)R30°——stmeh&reand—itssfmctm=e1’s inherently more
heterogeneous in terms of site adsorption than the other two structures. The
“c(2V3x2V3)R30°” structure showed-the second largest £ (0.29)-of any of the (111)
reflection data. This would imply that the increased surface density has reduced the
root mean squared surface displacement of the Hg adlayer such that the f. value has
increased, possibly to the value characteristic of its static heterogeneity of adsorption
sites. Additionally, such a relatively high coherent fraction for this structure might be
expected for low temperature data, as the adatoms will tend to reside in the shallow

energy minima which must be present as the thermal motions decrease.
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At a coverage of 0.64ML, the “c(2V3x2V3)R30°” structure (Singh 1989, Singh and
Jones 1989a, 1989b, 1990b and Singh et al. 1993) was the highest coverage

Hg/Ni(111) structure studied. This adlayer can be described using the matrix G, where

1 1-x XJ
G= -
I-2x\ x 1-

and x = 0.18 (Singh and Jones (1990b). For a non-equilibrium coverage of 0.6ML to
0.64ML, the “c(2V3x2V3)R30°” structure is formed when the pseudo-square adlayer
becomes periodic and compresses from the x = 0.2 to the x = 0.18 structure along a
direction parallel to the substrate direction of closest packing (Singh and Jones 1989b).
This “c(2Y3x2v3)R30°”-structure is a slightly distorted square adlayer of mercury
atoms with an internal unit mesh angle of approximately 96° and four mercury atoms
per unit mesh (Singh et al. 1993) (figure 5.3.1.). The same pseudo-square arrangement
would be somewhat distorted by site adsorption. The Hg-Hg separation of 2.90 A is
less than the mercury atomic diameter (3.0 A) and the Hg-Hg separation in the solid
(2.99 A in oHg), thus indicating possible repulsive lateral interactions between the
mercury adatoms in this metallic pseudo square adlayer (Singh 1989). For the mercury
structures formed in non-thermodynamic equilibrium at T < 290 K, the mercury was
said to form islands over a wide range of coverages (0.2 - 0.6 ML) consisting of
coincident pseudo-square adlayers of mercury (Singh and Jones 1989b). This island
formation and the pseudo-square structure were attributed to attractive adatom-

adatom interactions. For the “c(2V3x2V3)R30°” structure, it is possible to locate one
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Figure 5.3.1. A schematic diagram of the possible Ni(11 1)-¢(2V3x2V3)R30°-Hg-
0.64ML real space structure containing one mercury atoms per unit mesh. The
mercury adatom surface net with an angle B = 96° is also shown. The adlayer is
not puckered in this diagram. The blue and red atoms represent nickel and

mercury respectively. The diameters of the atoms are relative to each other.



Hg atom in say, a 3-fold hollow HCP site, which then positions two Hg atoms
approximately in bridge sites and a 4th in an approx 3-fold hollow FCC site. With the
three possible orientations of this structure relative to the fixed (111) planes, there are
then a large number of vectors which need to be summed leading to a small value for
f.. Clearly, when one considers that this situation is for just one set of possible

adsorption sites, the large number of possible adsorption sites for this structure

prevents us from making any further deductions.

We are now in a position to discuss the (111) reflection data. Figures 5.4.1 to 5.4.3.
illustrate the Argand diagrams for experimental (111) NIXSW scans of all three
structures formed by mercury adsorption on the Ni(111) surface. These Argand
diagrams illustrate the mercury adsorption heights relative to the (111) reflection
planes. The vectors in the Argand diagram show that the experimental data can be
fitted by adsorption of the mercury atoms in the bridge or three-fold hollow site.
However, the low coherent fraction and the large errors in the angle (coherent

position) cause one to doubt this possibility.

For all three structures using the (111) reflections, the root mean squared displacement
of the coherent position is found to be approximately 0.39 A. We return to the hard
sphere model and assume that the mercury adlayer is flexible, such that the Hg

adatoms remain in contact with the substrate. This will cause the adlayer to pucker
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with some Hg atoms in three-fold hollows and others in bridge or atop sites, as well as
other heights in between. The total range from the 3-fold hollows to the atop is
approximately 0.34 A (figure 4.5.1.), which is identical to the value of 0.39 + 0.25 A
derived from the experimental coherent position values (within error margins). The
coherent fraction, f; is related to the Debye-Waller factor, M, by f. = exp(-M). The
Debye-Waller factor does not distinguish between static and dynamic contributions.
Therefore we suggest that the lowering of the coherent fraction in the (111) data for all
three surfaces is primarily due to puckering of the mercury adlayer with some

contribution from the vibration of the mercury perpendicular to the surface at each site.
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Imaginary

Circle Radius Equivalent To
Coherent Fraction = 1.0

Real
&= 298K (74.9'+/-35") 4— Atop (154)
€&— 138K (64.4°+/-35") <— Bridge (104)
Three-fold Hollow
(86")

Figure 5.4.1. Argand vector diagram showing the vectors for the (111) illustrating the
theoretical vectors (coloured arrows) of the atop, bridge and three-fold hollow sites
along with the experimental vectors (black arrows) obtained for the Ni(11 1)/Hg—(\3x

V3)R30°- 0.33ML structure at T = 138 K and T =298 K.
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Figure 5.4.2. Argand vector diagram showing the vectors for the (111) illustrating the

theoretical vectors (coloured arrows) of the atop, bridge and three-fold hollow sites

along with the experimental vectors (black arrows) obtained for the Ni(111)/Hg-

p(2x2)-0.5ML structure at T =138 Kand T =298 K.
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Figure 5.4.3. Argand vector diagram showing the vectors for the (111) illustrating the
theoretical vectors (coloured arrows) of the atop, bridge and three-fold hollow sites
along with the experimental vectors (black arrows) obtained for the Ni(111)/Hg - “'c(2

V3x2V3)R30°7- 0.64ML structure at T = 185 K.



The coherent fractions of the NIXSW scans indicate that although there is excellent
order in the substrate and in the adsorbate atoms perpendicular to the surface, there is
significant disorder parallel to the surface for all phases, including the low coverage
phases. Static disorder parallel to the surface (i.e. displacement from ideal high
symmetry sites) might well result from strong adsorbate-adsorbate repulsion which has
been observed for mercury adsorption on Ni(111) (Singh 1989, Singh and Jones 1990a
and Singh et al. 1993) and many other surfaces (Fe(100) - Jones & Perry (1981) and
Dowben et al. (1988), Ni(100) - Jones & Tong (1987), Hg/Cu3Au(100) and W(100) -
Dowben et al. 1988 and Ag(100) - Dowben et al. (1988) and Kime et al. (1992)). This
type of adsorbate-adsorbate repulsion is generally thought to occur at short distances
in alkali adsorption, but this could not easily account for the low coverage phase.
However, large vibrational amplitudes parallel to the surface (dynamic disorder) might
reasonably explain the lower coherent fractions parallel to the surface and would be

consistent with the high mobility expected of alkali adsorption on such a surface.

One must question why the mercury rafts can translate freely, but not rotate, on the
surface. We suggest that steps (Barber and Loudon 1989 and Giinther et al. 1993) on
the surface may hinder rotation of the semi-rigid rafts. Alternatively, the adsorption
energy corrugation of the raft and substrate combination could be channelled in low

Miller index directions (also proposed adsorption for Hg/Ni(100) by Poulsen et al.
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1994) with considerable energy barriers between the channels. Consequently the raft

can translate in the direction of the channels, but cannot rotate.

The application of the NIXSW to three mercury adlayers which exhibit sharp, bright
LEED patterns, yields results which appear to imply a disordered adsorbate surface.
This apparent paradox is resolved by proposing that the mercury adlayer undergoes a
low frequency, large amplitude vibration parallel to the surface. This would allow the
crystallinity of the adlayer to be maintained for LEED analysis. Yet the continuous

variation of the coherent position of the mercury adsorbate atoms relative to the (111)

planes would account for the very low coherent fractions observed for this reflection.

Given the ambiguity of the Ni(111)/Hg NIXSW data, only a qualitative argument is
possible. The conclusion reached from the NIXSW data is therefore the best

explanation the data presented.

The combination of a large atom on a close packed metal surface produces a situation
in which the degree of geometrical corrugation of the surface is very small. Therefore
the factors governing the optimum adsorption site may be more subtle than in a system
having larger corrugation. This idea will be further investigated in chapters six and
seven where mercury adsorption on a more open substrate surface such as Cu(100)

was studied.
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6 Mercury Adsorption on Cu(100) ;: NIXSW Results

This chapter describes the results obtained for the four Cu(100)/Hg structures
investigated using the NIXSW technique. As for the Ni(111) profiles, the
photoelectron peak intensities were normalised to a value of 1.0 at the extremes of the
energy range, well away from the Bragg condition. The substrate NIXSW profiles
obtained using the Cu 2ps;, photoelectrons were fitted in the same manner as the
Ni(111) substrate spectra using the coherent position (Ad), coherent fraction (f,) and

instrumental broadening width as variables.

To recapitulate, the coherent position is the perpendicular distance of the absorber
atoms from the extended bulk scatterer planes. The coherent fraction for a particular
reflection describes the order of the surface (adsorbate or substrate) in that plane (a
value of 1.0 indicating complete order with no vibrations and a value of zero indicating
complete disorder). The distances of the mercury adsorbate atoms from the Cu
substrate layers are relative to the nearest extended scatterer plane. Hence, as for the
Ni(111) data the ambiguity of these distances relative to the number of substrate layer

spacings can be removed when the chemical bond distances are known.

‘All the NIXSW profiles were fitted using an X-Ray beam energy broadening,
o = 1.550 + 0.025 eV for the (200) reflection and ¢ = 0.95 £ 0.05 eV for the (111)

reflection. For the adsorbate NIXSW profiles, the broadening width was fixed at
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o = 1.55 eV (for the (200) reflection) and o = 0.95 eV (for the (111) reflection), with

the data being fitted by varying the coherent position, Ad and the coherent fraction, f,.
The adsorption sites were again calculated as in chapter 4 using the triangulation

method (Frost et al. 1967, Kerkar et al. 1992a, 1992d) outlined in section 2.1.3.

As for the Ni(111) data, the peak-to-peak height ratios of the mercury and copper
peaks in the Auger and photoelectron scans were calculated for the various adsorbate
structures formed. Again, these values corresponded with those expected for the
coverage of each adsorbate structure formed. This provided an additional indication
that the correct adsorbate structures had been formed. The NIXSW fits are again
decided by the relative amplitudes of the positive and negative excursions of the

profiles and by the peak energy.

6 100

Representative (200) and (111) reflection NIXSW results taken for the Cu(100)
substrate are shown in figures 6.1.a. (from the cold c¢(4x4) structure) and 6.1.b. (from
the warm c(4x4) structure). All the Cu(100) substrate NIXSW spectra for the c¢(2x2)-
0.5ML, c¢(4x4)-0.62ML, (3x3)-0.66ML and c(2x6)-0.83ML structures were identical
to those in figure 6.1. It can be seen that the spectra shown in figure 6.1 differ slightly
in shape indicating that the (200) and (111) will give different fitting parameters.
The (200) profile has a negative excursion of 0.88 and a positive excursion of 1.44 at

the higher energy side of the profile. Whereas the (111) profile has a negative



excursion (also at the lower energy side of the positive excurston) of 0.70 along with a

positive excursion of approximately 1.78.

The fitting procedure gave perfect coherent positions of 0 or 1.81 A (= dyg) for the
(200) reflection, and O or 2.09 A (= dyy1) for the (111) reflection. Therefore the
coherent position obtained from the fitting of the substrate absorption signal is
consistent with the substrate absorbers being coincident with the extended scatterer
planes, as anticipated. A coherent fraction of 0.9 + 0.1 for both the (200) and (111)
(figure 2.14.) reflections was also obtained from the above fitting procedure. Therefore
the Cu(100) crystal surface can be assumed to be of good crystallographic order and
that the different mercury adsorbate structures do not affect the copper surface. The
NIXSW absorption profile fit for the (111) reflection data is not as good as the fit for
the (200) data. This may be due to the greater amount of substrate disorder parallel to
the surface rather than perpendicular to it, along with possible thermally induced
disorder due to the higher temperature (298 K) of the sample for the (111) reflection
data. However, the positive excursion height of the (111) fit is approximately 0.2
higher than that of the experimental data, producing an increase in the coherent

fraction of almost 0.05 for the theoretical fit.

All the NIXSW spectra for the ¢(2x2)-0.SML and c(4x4)-0.62ML structures were
taken at room temperature (298 K) and 155 K. The NIXSW spectra for the (3x3)-
0.66ML and c(2x6)-0.83ML structures were taken at 155 K as they only exist at this

temperature. As for the NIXSW spectra in chapter 5, the experimental noise level can

14



be observed on the absorption profile wings. The errors for the NIXSW- fitting
parameters were obtained from the range of possible fits that acceptably matched the

experimental profiles.
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Figure 6.1. Cu(100)/Hg-c(4x4)-0.62ML structure (200) (a.) and (111) (b.) NIXSW

scans and best fits for Cu (2ps» photoelectron peaks) for the sample at T = 155K (a.)
and T =298 K (b.).

6.2 The Cu(100)/Hg-¢(2x2)-0.SML Structure

For the ¢(2x2)-0.5ML structure two reproducible NIXSW profiles were taken for the
(200) and (111) reflections at each of the two temperatures (298 K and 155 K). The
observed LEED patterns were consistent with that of a ¢(2x2) structure. These LEED
patterns were still visible after the NIXSW experiment and became sharper on cooling.
The Hg:Cu peak to peak ratios of the Auger, EDC and NIXSW profiles gave an
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average value of 0.54+0.02 and 0.50+0.05 for the 155 K and 298 K structures
respectively. These values are in close agreement with the anticipated coverage of
0.50ML for the ¢(2x2) structure. Representative NLIXSW results for the Cu(100)/Hg-
¢(2x2)-0.5ML structures are shown in figures 6.2. and 6.3. along with their best fits.
The NIXSW spectra are identical to the other spectra and fits obtained for the c(2x2)-
0.5ML structure. It can be seen that the spectra shown in figure 6.2. differ quite
distinctly in shape indicating that the (200) and (111) spectra will produce different

fitting parameters, this is also the case for the lower temperature scans (figure 6.3.).

The (200) scans for both temperatures were similar, within noise level (figure 6.2.a.
and 6.3.a.). The positive excursion of both the low and room temperature data is
identical at approximately 1.57. However, the NIXSW profile taken at 155 K has a
lower negative excursion of 1.0 compared with that of the room temperature profile
(0.98). Therefore the low temperature data would have a higher coherent fraction

(approximately 0.05) than that obtained from the fit of the room temperature data.

The (111) scans at 155 K were slightly different to the room temperature scans, having
a slightly larger dip on the low energy side of the scan (figure 6.3.b. shows a typical
example). The positive excursion of both the low and room temperature data is again
identical at approximately 1.62. Yet, the NIXSW profile taken at 298 K has a higher
negative excursion of 0.90 compared with that of the low temperature profile (0.88).
Again, the coherent fraction of the room temperature data would have a lower

coherent fraction than that obtained from the fit of the low temperature data.
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The fitting parameters obtained for the best fits of the NIXSW spectra are shown in
table 6.2. These fitting parameters were again calculated as an average of the
parameters obtained from the best fits of all the NIXSW profiles taken for each of the
various structures at the particular temperatures studied. Two experimental spectra
were taken for each structure, using both the (200) and (111) reflections at both room

temperature and low temperature (155 K).
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Figure 6.2. Cu(100)/Hg-c(2x2)-0.SML structure (200) (a.) and (111) (b.) NIXSW

scans and best fits for Hg (3ds photoelectron peaks) for the sample at T = 298 K.
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Figure 6.3. Cu(100)/Hg-c(2x2)-0.5ML structure (200) (a.) and (111) (b.) NIXSW
scans and best fits for Hg (3ds,, photoelectron peaks) for the sample at T = 155 K.
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From table 6.2.1. it can be seen that the coherent positions agree within the error
margins for both the (200) and (111) reflections taken at 155 K and 298 K. The high
coherent fractions of the (200) reflection profiles at both temperatures imply a very
well defined height of the adsorbate above the (200) planes. The higher coherent
fraction of the low temperature data shows a possible increase in order perpendicular
to the surface because of the reduction of thermal disorder due to the cooling of the
sample. However, both coherent fractions for the room temperature data and low
temperature data for the (200) data agree within error limits. The coherent fraction of
the (111) reflection data also indicates a degree of order of the adsorbate atoms
relative to the (111) planes. Again the lower temperature data having a higher coherent
fraction than the room temperature data indicates a possible reduction of thermal

disorder by cooling of the sample.

Reflection Temperature 7 Coherent Position | Coherent Fraction
(200) i 298 K | 0388+0.020 A 0.85 + 0.05
(200) hi 155K | 0375+0.030A | 0.90+0.05
(111) 298 K | 0.200+0.040 A 0.50 = 0.10
(111) 155 K 0.125 +0.050 A 0.60+0.10

Table 6.2.1. Results of the fittings of the Hg adsorbate NIXSW profiles obtained from
the (200) and (111) reflections at room temperature and 155 K for the Cu(100)/Hg-
¢(2x2)-0.SML structure.

148



6.3 Th 100 -¢(4x4)-0.62M r

For the c(4x4)-0.5ML structure two reproducible NIXSW profiles were again taken
each for the (200) and (111) reflections at the two temperatures of 298 K and 155 K.
The observed LEED patterns were consistent with that of a ¢(4x4) structure all over
the sample surface. These LEED patterns were still visible after the NIXSW
experiment and also became sharper on cooling. The Hg:Cu peak to peak ratios of the
Auger, EDC and NIXSW profiles gave an average value of 0.86+0.23 and 0.62+0.02
for the 155 K and 298 K structures respectively. These values are in close agreement
with the expected coverage of 0.62ML for the c(4x4) structure. Representative
NIXSW results for the Cu(100)/Hg-c(4x4)-0.62ML structures are shown in figures

6.4. and 6.5.

As for the ¢(2x2)-0.SML spectra, the (200) scans for both temperatures were the
same, to within noise level (figure 6.4.a. and 6.5.a.). Both the (200) profiles have a
negative excursion of approximately 0.99 and a positive excursion of 1.55 at the higher
energy side of the profile. Consequently one can assume that the low and room

temperature data would have similar coherent fractions.

The (111) scans at room temperature and 155 K were the same within the experimental
noise level (figures 6.4.b. and 6.3.b. show typical examples). Both (111) profiles have a
negative excursion (also at the lower energy side of the positive excursion) of

approximately 0.90 along with a positive excursion of approximately 1.66. From this
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one can once more assume that the coherent fraction of both the low and room

temperature data would have identical coherent fractions.
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Figure 6.4. Cu(100)/Hg-c(4x4)-0.62ML structure (200) (a.) and (111) (b.) NIXSW
scans and best fits for Hg (3ds,» photoelectron peaks) for the sample at T = 298 K.
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Figure 6.5. Cu(100)/Hg-c(4x4)-0.62ML structure (200) (a.) and (111) (b.) NIXSW
scans and best fits for Hg (3ds» photoelectron peaks) for the sample at T = 155 K.

Both the (200) and (111) room temperature spectra are also of a similar size and shape

to those of the ¢(2x2)-0.5ML room temperature spectra (with the ¢(2x2) (111) profile

having a slightly larger positive excursion than the c¢(4x4) profile). It can therefore be

expected that these spectra will provide similar fitting parameters. Also the NIXSW

profiles taken at lower temperatures (both (200) and (111) profiles) have a similar

shape to those of the c¢(2x2)-0.5ML NIXSW profiles, but the positive and negative

excursions are smaller in the ¢(2x2)-0.5ML profiles, thus indicating similar, but slightly

different fitting parameters for these spectra.
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The results of these fits are shown in table 6.3.1. The coherent positions obtained from

the fits of the (200) NIXSW profiles taken at 155 K and 298 K agree within

experimental error margins. The coherent positions for the (111) profiles also agree

within error margins for the two temperatures. Likewise, the coherent fractions for the

(200) reflection at 155 K and 298 K agree. The high coherent fractions of the (200)

reflection profiles at both temperatures imply a very well defined height of the

adsorbate above the (200) planes. The coherent fractions of the (111) reflection

profiles imply quite a well-ordered surface with respect to the (111) planes, but this

order is less than that of the (200) reflection planes.

Reflection Temperature Coherent Position | Coherent Fraction
(200) 298 K 0.388 + 0.020 A 0.80 +0.04
(200) 155K 0.425+0.030 A 0.75+0.05
(111) 298 K 0.175+0.040 A 0.50 £ 0.10
(111) 155K 0.125 +0.050 A 0.50+0.10

Table 6.3.1. Results of the fittings of the Hg adsorbate NIXSW profiles obtained from
the (200) and (111) reflections at room temperature and 155 K for the Cu(100)/Hg-

c(4x4)-0.62ML structure.
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4 -(3x3)-0.66

For the (3x3)-0.66ML structure two reproducible NIXSW profiles were again taken
each for the (200) and (111) reflections at 155 K. The observed LEED patterns still
visible after the NIXSW experiment and were consistent with that of a (3x3) structure.
The Hg:Cu peak to peak ratios of the Auger, EDC and NIXSW profiles gave an
average value of 0.59+0.11, which closely agress with the predicted coverage of
0.66ML for the (3x3) structure. Representative NIXSW results for the Cu(100)/Hg-

(3x3)-0.66ML structures are shown in figure 6.6.

The (3x3)-0.66ML low temperature (200) NIXSW profile has a positive excursion of
1.58 and a negative excursion of 0.98 on the lower energy side of the scan. The (200)
low temperature spectra are identical to those of the c(2x2)-0.5ML and c(4x4)-
0.62ML low temperature (200) profiles. Consequently the fitting parameters for the
(3x3)-0.66ML NIXSW scans are expected to be identical to those for the c(2x2)-

0.5ML and c(4x4)-0.62ML profiles.

The (3x3)-0.66ML (111) NIXSW profile is of similar shape to those of both the
¢(2x2)-0.5ML and c(4x4)-0.62ML spectra. However, the (3x3) profile for the (111)
reflection has positive and negative excursions of 1.59 and 0.9 respectively. They are
therefore of similar magnitude to the positive and negative excursions of the (111)
reflection c(4x4)-0.62ML spectra taken at 155 K, and slightly different to those of the

(111) reflection ¢(2x2)-0.5ML spectra. Hence, it would be expected that the fitting
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parameters of the (3x3)-0.66ML NIXSW profiles would be more like those of the

¢(4x4)-0.62ML spectra than the ¢(2x2)-0.5ML spectra.
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Figure 6.6. Cu(100)/Hg-(3x3)-0.66ML structure (200) (a.) and (111) (b.) NIXSW
scans and best fits for Hg (3ds,, photoelectron peaks) for the sample at T = 155 K.

The results of the above NIXSW fits are shown in table 6.4.1. The high coherent
fraction of the (200) reflection profiles implies a very well defined height of the
adsorbate above the (200) planes. The coherent fraction of the (111) reflection profile
implies a well-ordered surface with respect to the (111) planes, but this order is not as

good as that of the (200) reflection planes.

Reflection Temperature Coherent Position | Coherent Fraction
(200) 155K 0.375+0.025 A 0.90 +0.05
(111) 155K 0.150+0.035 A 0.55+0.07

Table 6.4.1. Results of the fittings of the Hg adsorbate NIXSW profiles obtained from
the (200) and (111) reflections at 155 K for the Cu(100)/Hg-(3x3)-0.66ML structure.
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6.5 Th 100 -¢(2x6)-0.83M1, r

For the ¢(2x6)-0.83ML structure two reproducible NIXSW profiles were again taken
for the (200) and (111) reflections at 155 K as they only exist at such a low
temperature. The Hg:Cu peak to peak ratios of the Auger, EDC and NIXSW profiles
gave an average value of 1.70+0.26. The anticipated coverage for the c(2x6) structure
is 0.83ML, consequently there appears to be evidence of multilayer formation. The
observed LEED patterns were consistent with that of a ¢(2x6) structure all over the
sample surface and were still visible after the NIXSW experiment. Therefore there is
also evidence of a c(2x6) structure on the copper surface. Representative NIXSW

results for the Cu(100)/Hg-c(2x6)-0.83ML structures are shown in figure 6.7.

Both the low temperature NIXSW profiles for the (200) and (111) structures are
noticeably different from those presented in the previous sections. The (200) NIXSW
scan has an almost Gaussian profile with a positive excursion of approximately 1.42
and almost no negative excursion. The (111) NIXSW profile is still almost Gaussian in
shape with a positive excursion of 1.46 and a slight negative excursion (0.99) on the
lower energy side of the scan. It should be noted that a Gaussian NIXSW profile
indicates a coherent fraction of zero and therefore complete disorder for the particular
reflection being used. All the NIXSW spectra for the previous structure have negative
excursions of at most 0.98, whereas a “Gaussian” NIXSW profile has no negative

excursion on either side of the profile’s positive excursion.
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Figure 6.7. Cu(100)/Hg-c(2x6)-0.5ML structure (200) (a.) and (11 1) (b.) NIXSW
scans and best fits for Hg (3ds/, photoelectron peaks) for the sample at T = 155 K.

The results of the above NIXSW fits are shown in table 6.5.1. The low coherent
fractions of both the (200) and (111) reflection profiles imply a poorly defined height
of the adsorbate above the (200) and (111) planes. Such a poorly defined adsorbate

height would be consistent with multilayer formation.

Reflection Temperature Coherent Position Coherent
Fraction

(200) 155K 0.450 +0.025 A 0.39+0.10

(111) 155K 0.150 £ 0.050 A 0.25+0.15

Table 6.5.1. Results of the fittings of the Hg adsorbate NIXSW profiles obtained from
the (200) and (111) reflections at 155 K for the Cu(100)/Hg-c(2x6)-0.83ML structure.
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As described previously in chapter 4, the coherent position is given as the height above
the extended scatterer planes, plus an integral number of layer spacings appropriate to
the adsorbate-substrate bond distance. These values are compiled in table 6.6.1. The
errors for each adsorbate height are with respect to the relevant reflecting planes, and
were determined by observing the quality of the fits for various displacements of the

adsorbates.

The separation of the mercury and copper atoms can be calculated using the copper
metallic (1.28 A) and mercury atomic (1.48 A) radii (MacGillavry 1968), thus giving a
Hg-Cu bond length equal to 2.76 A. If the mercury atoms were to adsorb at the
separation, Ad (A), for the (200) reflection distance, this would lead to an
unreasonably small Hg-Cu bond distance compared with the Hg-Cu separation of
2.76A. Therefore the mercury adsorbate atoms must be positioned at a distance, (Ad +
dao) (A) from the (200) reflection planes. Similarly, the mercury atoms must be
located at a distance of (Ad + di;1) (A) from the (111) reflection planes as a adsorbate
height of (Ad) (A) created an unfeasibly small Hg-Cu bond length. The (200) layer

spacing, do0 is 1.8075 A and the (111) layer spacing, dy; is 2.083 A.
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From table 6.6.1. it can be seen that the fits for both the ¢(2x2)-0.5ML, c(4x4)-
0.62ML and (3x3)-0.66ML structures gave an adsorbate height of ~ 2.20 A above the
(200) planes. The coherent fraction of ~ 0.85 for the ¢(2x2)-0.5ML fits is slightly
higher than that of ~ 0.75 for the less densely packed c(4x4)-0.62ML. The adsorbate
height of ~ 2.26 A above the (200) planes for the ¢(2x6)-0.83ML structure is slightly
higher, but within error limits, than those for the previous structures. The coherent
fraction of ~ 0.39 for the c¢(2x6)-0.83ML structure in the [200] direction is somewhat

different to those of all the previous structures.

Structure (200) | Reflection (111) | Reflection | Temp
Ad + 1.8075 f. Ad +2.083 f. (K)
A) A)
c(2x2)-0.5ML | 2.183 £0.030 | 0.90+0.05 | 2.2084+0.050 [ 0.60+0.10 | 155
2.196+0.020 | 0.85+0.05 | 2.283+0.040 | 0.50+0.10 | 298
c(4x4)-0.62ML | 2.233+0.030 | 0.75+0.05 | 2.208+0.050 | 0.50+0.10 | 155
2.196+0.020 | 0.80+0.04 |2.233+0.040 | 0.50+0.10 | 298
(3x3)-0.66ML | 2.18340.025 | 0.90+0.05 |2.23340.035 | 0.5540.07 | 155
c(2x6)-0.83ML | 2.25840.025 | 0.39+0.03 | 2.458+0.050 | 0.25+0.15| 155

Table 6.6.1. Summary of the experimentally determined coherent positions (Ad + dua)
and coherent fractions (f;) for the Hg adsorbate NIXSW profiles obtained from the
(200) and (111) reflections for the Cu(100)/Hg structures.
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As for the (200) reflection scans, the (3x3)-0.66ML structure gave a similar coherent
position (~ 2.18 A), and coherent fraction (~ 0.55) to the ¢(2x2), and c(4x4) fitting
parameters (~ 2.24 A and ~ 0.55 respectively) for the (11 1) reflection. Additionally,
the (111) fitting parameters of ~ 2.46 A for the coherent position, and ~ 0.20 for the

coherent fraction of the c(2x6)-0.83ML structure are dissimilar to those of the other

structures.

Atop Site

x=276 A

Bridge Site

height, z = [x*-(y/2)*]*

y=256A . z=2445A

Figure 6.8. A schematic diagram showing how the theoretical (200) reflection

adsorbate heights for the atop and bridge sites were calculated.
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Four-fold Hollow Site

t=[(y/2)" Hy/2)’"

v=256A .. t=1810

Direction

v

“A” Direction

x = Hg-Cu distance = 2.76 A (from atop)
o f= [

- f=2083 A

Along “A” Direction

b
L4

Along “B” Direction

Figure 6.9. A schematic diagram showing how the theoretical (200) reflection

adsorbate height for the four-fold hollow site was calculated.
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The coherent fractions for the quite open Cu(100) substrate NIXSW profiles are
consistently higher than those for the flatter, more densely packed Ni(111) surface, as
one would have expected purely from the corrugation of the surface. Using the copper
metallic (1.28 A) and mercury atomic (1.48 A) radii (MacGillavry 1968), one can
calculate the layer spacing expected for mercury adsorption in the atop, 2-fold bridge
and 4-fold hollow sites (figures 6.8. and 6.9.) on Cu(100) (see table 6.6.2.). The

copper metallic radius is 1.28 A, therefore the Cu-Cu bond length is assumed to be

2.56 A.
Adsorption Site (200) Reflection (111) Reflection
Ad (A) Ad + dage (A) Ad (A) Ad + dy;; (A)
atop 0.953 2.761 1.594 3.677
2-fold bridge (a) 0.638 2.446 1.412 3.495
2-fold bridge (b) 0.638 2.446 0.368 2451
4-fold hollow 0.276 2.084 0.159 2.246

Table 6.6.2. Calculated heights of mercury above the (200) and (111) planes for a
fixed Cu-Hg bond distance of 2.76 A. The (200) layer spacing, dxo = 1.8075 A and the
(111) layer spacing, di;; = 2.083 A. The mercury atomic radius (1.48 A) and copper
metallic radius (1.28 A) values were used (MacGillavry 1968).
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The 155 K and 298 K (200) reflection profiles for the ¢(2x2)-0.5ML and c(4x4)-
0.62ML structures gave coherent positions of approximately 2.2 A which is halfway
between the adsorption heights for 2-fold bridge site or four-fold hollow site
adsorption. The 155 K (200) reflection coherent positions obtained for the (3x3)-
0.66ML (2.19 A) and c(2x6)-0.83ML (2.26 A) structures are also halfway between the
adsorption heights for 2-fold bridge site or four-fold hollow site adsorption. The high
coherent fractions obtained from the fits of the (200) NIXSW profiles for the c(2x2)-
0.5ML, c¢(4x4)-0.62ML and (3x3)-0.66ML structures indicate that single site
adsorption is occurring. This single site adsorption would be consistent with
adsorption of the mercury atoms into four-fold hollow sites. However, the coherent
fraction obtained from the fit of the (200) NIXSW profile for the c¢(2x6)-0.83ML
structure is comparatively small (= 0.388). Such a low coherent fraction would be
inconsistent with single site adsorption and would be indicative of some static or

dynamic disorder of the adsorbate adlayer with respect to the (200) planes.

The 155 K and 298 K (111) reflection profiles for the c¢(2x2)-0.5ML and c(4x4)-
0.62ML structures gave coherent positions of approximately 2.23 A. This adsorbate
height above the (111) planes is very close to that of adsorption in a four-fold hollow
site (2.246 A). The 155 K (111) reflection coherent positions obtained for the (3x3)-
0.66ML (2.18 A) is also close to the height consistent with four-fold hollow site
adsorption. The relatively high coherent fractions obtained from the fits of the (111)
NIXSW profiles for the ¢(2x2)-0.5SML, c(4x4)-0.62ML and (3x3)-0.66ML structures

also indicate that single site adsorption could be occurring. This single site adsorption
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would be consistent with adsorption of the mercury atoms into four-fold hollow sites

as for the (200) reflection data for these structures.

The adsorbate height above the (111) planes found for the ¢(2x6)-0.83ML (~ 2.46 A)
indicates that the mercury atoms could be residing in either the bridge (case b) or the
four-fold hollow site. However, the coherent fraction obtained from the fit of the (111)
NIXSW profile for the ¢(2x6)-0.83ML structure is also relatively small (~ 0.20). This
low coherent fraction would also be inconsistent with single site adsorption. We would
therefore expect some static or dynamic disorder of the adsorbate adlayer with respect
to the (111) planes. Such disorder could be an indication of mutlilayer formation which

will be discussed further in chapter 7.

Adsorption of the mercury atoms into four-fold hollow sites for the ¢(2x2)-0.5ML,
¢(4x4)-0.62ML and (3x3)-0.66ML structures has been proposed in previous studies of
the Hg/Cu(100) adsorption system (Dowben et al. 1991, Li, W. et al. 1991a and 1992
and Kime et al. 1992). The above ideas will be discussed along with other possibilities

in chapter 7.
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As for the mercury adsorption structures formed on Ni(11 1), there are two types of
mercury adsorption on the Cu(100) surface. We have studied the equilibrium c(2x2) -
0.50ML and c(4x4) - 0.62ML structures, along with the non-equilibrium (3x3) -
0.66ML and c(2x6) - 0.83ML structures. Both structures are also described in
Onellion et al. 1987, Hutchings et al. 1990, Varma et al. 1990, Dowben et al. 1990a.
and 1990b., Vidali et al. 1990, Dowben et al. 1991, Li et al. 1991a. and 1991b., Vidali
et al 1991, Kime et al. 1992, Moses et al. 1992 and Li et al. 1992a.. The (200)

reflection was used as the (100) reflection is forbidden.

The Argand diagram analysis method (Woodruff et al. 1994) outlined in chapters 2 and
5 and below (described in detail in section 2.1.3.) was again the technique used to
analyse our NIXSW data. The fitting parameters obtained from each NIXSW scan, f,
(coherent fraction) and Ad (coherent position) can be represented as vectors on an
Argand diagram. The length of the vector represents the coherent fraction, f. and the
angle of the vector measured anti-clockwise from the positive real axis represents the
value 2nAd/dyg, where Ad is the coherent position (A) and dyy is the distance between
the (hkl) reflecting planes (for the Cu(100) surface, this is the (200) and (111) layer
spacing). A coherent fraction, f. of 1.0 and a coherent position, Ad of zero (or any

multiple of dy;) is expressed as a unit vector lying along the positive real axis.
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The (111) reflections emerge at 54.73° to the (200) plane (figure 2.17.). The line of
intersection of the two planes lies along the edge of the square unit mesh of the clean
surface. There are four (111) type reflections emerging from the (100) surface
corresponding to the four sides of the clean surface unit mesh. The angle that the (111)
planes make to the sample surface (54.73°) ensures that there is a relatively large
component of the Ad values (which are 35.27° to the surface, figure 2.17.) parallel to
the surface. The measured (200) layer spacing can be used to calculate the anticipated

(111) layer spacing for each of the different high symmetry adsorption sites.

A single layer spacing relative to the (111) planes only occurs for those adsorption
sites which retain the full four-fold symmetry of the substrate, these are the four-fold
hollow site and the atop site. Once the symmetrically equivalent sites created by the
substrate (with four-fold symmetry) have been taken into account, any adsorption site
having less than four-fold rotational symmetry (Hollas 1992) will lead to two or more
different (111) layer spacings (Woodruff et al. 1994). An experimental (111)
adsorption profile produced by adsorption sites with less than 4-fold rotational
symmetry would yield a very low coherent fraction (typically 0.5 or less) or would not
be fitted by a single layer spacing. The two-fold bridge sites have a lower symmetry
and consequently two different layer spacings with respect to the (111) planes (figure
2.18.). As seen in section 2.1.3.2. one bridge site (type a) has the same theoretical
(111) layer spacing as the atop site and a weighting of half of all the bridge sites. In
reality, the type “a” bridge site has a different (111) adsorption height to the atop site,

as the (200) adsorption heights for the atop and bridge sites (from which the
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theoretical (111) can be derived) are different. The other bridge site (type b) has an
entirely different (111) layer spacing to the type “b” site with a weighting of half the
bridge sites. A combination of these bridge sites equally populated and measured using
the (111) planes will yield a Gaussian NIXSW spectrum with a baseline normalised to
a value of 1.0. Such a Gaussian NIXSW spectrum would produce a coherent fraction,
f. very close to zero (Woodruff et al. 1994) for the bridge sites. The two vectors in an
Argand diagram for these particular sites are 180° apart from each other (Figure 7.1.).
Therefore using simple vector addition, these vectors will cancel exactly. None of the
NIXSW profiles obtained using the (111) reflection for any of the four Hg/Cu(100)
structures studied were Gaussian in shape. Consequently, the coherent fraction
obtained from fitting the experimental NIXSW spectra was not zero and thus did not
indicate complete disorder in either the (200) or (111) direction. Therefore equal
population of the mercury adsorbate atoms in the bridge sites can be eliminated for all

four of the adsorbate structures studied in this chapter.

The coherent fractions and positions resulting from the copper substrate scans are of
similar values to those expected for a well-ordered crystal surface. Therefore the
adsorbate coherent fraction results can be compared with the substrate coherent

fractions of 0.9+0.1.
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Imaginary

Real

&4— Bridge (case a, 243.5%)
. Bridge (case b, 63.4")

Figure 7.1. Argand vector diagram showing the vectors for the (111) reflection
illustrating the theoretical vectors of the bridge (case a and b) sites. Equal weighting of
these two vectors (i.e. equal population of the two bridge sites) would produce a

coherent fraction of zero for a (100) surface.

The mobility of an adatom is expected to vary for different crystallographic planes of
the same metal substrate (Tompkins 1978). and possibly different areas of the surface
if surface heterogeneity is suspected (King and Woodruff 1983). Therefore the more
close packed a surface (i.e. the smaller the corrugation). the more the adsorbate is able

to migrate across the surface (Tompkins 1978). The Cu(100) surface is a more
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corrugated surface compared with the closely packed Ni(111) surface studied in
chapters 4 and 5. Consequently, one would expect that the adsorption of an atomic
adsorbate such as mercury would be more localised on Cu(100) than on the Ni(111)
surface. A previous study (Hutchings et al. 1990) has assumed that the substrate
potential is strong enough to force the mercury adatoms into well defined adsorption
sites, thus imposing its square symmetry onto the adsorbate overlayer. The previous
studies of mercury as an adsorbate on transition metal surfaces (Ni(100) surface:
Prince et al. 1989) have indicated that there is a weak corrugation in the mercury-
substrate interaction energy as a function of lateral position on the surface. Therefore
one would expect that this would also be the case for the Cu(100) surface (Vidali et al.
1990). The relatively low heat of adsorption (70 + 4 kJ mol) observed by Dowben et
al. (1990b) and Kime et al. (1992) suggests that the chemisorption bond of the
mercury with the Cu(100) surface is not as strong as with other substrates such as
Ag(100) (Dowben et al. 1987 and Onellion et al. 1986), Fe(100) (Jones & Perry
1981), Ni(100) (Jones & Tong 1987) and W(100) (Egelhoff et al. 1976 and Jones &

Perry 1978), Si(100) (Li et al. 1992) and Si(111) (Li et al. 1993).
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The ¢(2x2)-0.50ML structure has one mercury atom per unit mesh, a maximum
coverage of 0.50ML and a Hg-Hg square unit mesh dimension of 3.62 A (Onellion et
al. 1987, Dowben et al. 1990b). Two mercury atoms per unit mesh would result in

unrealistically short Hg-Hg lateral distances (Donohue 1974).

The mercury atoms in the ¢(2x2)-0.50ML structure are at a distance of 3.62 A apart
(Onellion et al. 1987, Dowben et al. 1990b and Hutchings et al. 1990) which is greater
than the Hg-Hg separation in the low pressure o-Hg form (2.99A, Donohue 1974)
possibly indicating strong lateral attractive interactions between the mercury adatoms

(Dowben et al. 1990b).

The mercury atoms for the c(2x2)-0.5ML structure were placed in the more
energetically favoured four-fold hollow sites (Dowben et al. 1990b) on the Cu(100)
surface (figure 7.1.1.). The alternative sites available are the two types of bridge site
(case a and b) and the atop site. The formation of c¢(2x2) structures for various other
adsorbates on the (100) surfaces of single crystals has also shown single site adsorption
in the four-fold hollow site (Cu(100)/Li Mizuno et al. 1993, Al(100)/Na Berndt et al.
1995, Ni(100)/Na Nielsen et al. 1994, W(100)/Ag Chen et al. 1995 and W(100)/Au

Chen et al. 1995).
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Hg adatom
surface net

Figure 7.1.1. A schematic diagram of the possible Cu(100)-c(2x2)-Hg-0.50ML real
space structure (plan and side views) containing one mercury atom per unit mesh. with
the mercury atoms located in four-fold hollow sites. The mercury adatom surface net is
also shown. The adlayer is not puckered in this diagram. The yellow and red atoms
represent copper and mercury respectively. The diameters of the atoms are relative to

each other.



7.1.1 The (200) Reflection NIXSW Data for the ¢(2x2) Structure

The Argand diagram representation for the theoretical adsorbate height values of the
possible sites with respect to the (200) reflection planes is shown in figure 7.1.1.1.

along with the vector portrayal of the experimental NIXSW values.

Imaginary
298K (77.3°)
55K (74.7%)

¢ Atop (189.8")
r— Bridge (127.1°)
P — Four Fold Hollow (54.9°)

Figure 7.1.1.1. Argand vector diagram showing the vectors for the (200) reflection
illustrating the theoretical vectors (coloured arrows) of the atop, bridge, four-fold
hollow sites along with the experimental vectors obtained for the Cu(100)/Hg-c(2x2)-
0.50ML structure at T =298 K and T = 155 K (black arrows). The circle has a radius

equivalent to a coherent fraction of 1.0.

170



Figure 7.1.1.1. illustrates the Argand diagram for the theoretical and experimental
vectors obtained for the Cu(100)/Hg-c(2x2)-0.50ML structure with respect to the
(200) reflection planes. The experimental vectors are shown with an accurate depiction
of the coherent fractions for the respective vectors. The above Argand diagram
illustrates that the angle of the experimental data vectors best fits the theoretical
adsorption height vector for single site occupation of the four-fold hollow site.
However, the theoretical angle is not within the error margins of the experimental data.
Such a discrepancy may be due to thermal vibrations of the adsorbate atoms on the
copper surface creating a distribution of adsorbate heights with respect to the (200)
reflection planes. Furthermore, figure 7.1.1.1. shows that the vector for T = 155 K is
closer to the real positive axis than the T = 298 K vector, thus indicating that the
position of the mercury atoms is on average closer to the (200) reflecting planes at low
temperatures. This may also be due to the thermal vibrations of the atoms at 298 K

being greater than those at 155 K.

The NIXSW technique is not sensitive to the presence (or absence) of the intermediate
substrate layers below the surface layer. Removing these substrate layers from the
model would not change the NIXSW lineshape. However the nearest neighbour
adsorbate-substrate distances for these structures are clearly distinct. A mercury atom
in a four-fold hollow site is also positioned directly above copper atom in the second
layer of substrate atoms. Therefore the four-fold hollow and atop sites are effectively
identical. This ambiguity can be removed when one has an approximate knowledge of

the adsorbate atom size and the adsorbate-substrate separation distance. The size of
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the mercury and copper atoms prevents the adsorbate from being in the atop site
within one substrate layer spacing above the copper surface, as this would create an
unfeasibly small Hg-Cu layer spacing. The size of the mercury adatom and copper
substrate atoms also dictates that the mercury adatom cannot be placed at an (200)
reflection adsorbate height of Ad (1.8075 A) as it indicates an unreasonably small Hg-
Cu bond distance (Hg-Cu bond length = 2.48 A (Vidali et al. 1990)). Therefore the
mercury adatoms must be positioned at a height of Ad + daoo (A) above the (100)

copper surface atoms (see figure 7.1.1.2.).

172



111 Plane

approx. 2.48A

111 Plane

1.80A

Figure 7.1.1.2. A schematic diagram (not to scale) illustrating a mercury atom sat in a
four-fold hollow site directly above a copper atom in the second layer of substrate
atoms. The mercury adsorbate atoms (red) and copper substrate atoms (yellow) are of

arbitrary radii.



7.1.2 The (111) Reflection NIXSW Data for the ¢(2x2) Structure

The mercury adatoms must be positioned at a (111) adsorbate height of Ad (A) as an
adsorbate height of Ad + dii (2.083 A) would also produce an unfeasibly large

Hg-Cu bond distance compared with the Hg-Cu bond length (2.48 A, Vidali et al.

1990).

Figure 7.1.2.1. illustrates the Argand diagram for the experimental Cu(100)/Hg-
¢(2x2)-0.5ML structure at T =298 K and T = 155 K with an accurate depiction of the
coherent fractions for the respective vectors for the (111) reflection. The
comparatively high coherent fraction (0.50 + 0.10) of the room temperature data
implies high degree of order in the adsorbate heights relative to the (111) reflecting
planes. The marginally higher coherent fraction of the low temperature data (0.60 +
0.10) could be due to a reduction in the thermal motion perpendicular to the (111)
reflecting planes as the mercury surface structure is “frozen” into sites on the Cu(100)
surface. However, the coherent fractions obtained for the (200) reflection are too
similar to substantiate this “freezing” of mercury atoms into sites on the Cu(100)
surface. The experimental vectors shown in the Argand diagram in figure 7.1.4. also
supports mercury adsorption in the four-fold hollow sites on the Cu(100) surface (as
shown in figure 7.1.1.). Especially as bridge site adsorption has already been eliminated
because the Gaussian NIXSW profile producing a coherent fraction of zero was not

seen for the ¢(2x2)-0.50ML structure. The lower coherent fraction of the (111)
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NIXSW profiles compared with that of the (200) profiles could be due to thermal

vibrations parallel to the surface (dynamic disorder).

The coherent fractions for the (200) reflection (0.9 £ 0.1) and (111) reflections (0.6 +
0.1) are very high, thus indicating single site adsorption. The adsorbate heights and
high coherent fractions obtained from NIXSW profiles for both reflections can
therefore be reconciled with mercury adsorption in the four-fold hollow site (as shown

in figure 7.1.1.). of the Cu(100) crystal for the ¢(2x2)-0.50ML structure.
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Imaginary

298K (33.8")

155K (20.9")
Real

" Atop (274.9")
&— Bridge (case a, 243.5")
Bridge (case b, 63.4%)

§— Four Fold Hollow (27.4°)

Figure 7.1.2.1. Argand vector diagram for the (111) reflection illustrating the
theoretical vectors (coloured arrows) of the atop, bridge (case a. and b.), four-fold
hollow sites along with the experimental vectors obtained for the Cu(100)/Hg-c(2x2)-
0.50ML structure at T = 298 K and T = 155 K (black arrows). The circle radius is

equivalent to a coherent fraction of 1.0.
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The peak to peak height ratios of the mercury and copper XPS peaks (0.86 + 0.23 for
155 K and 0.62 + 0.02 for 298 K) for the ¢(4x4)-0.62ML structure are greater than
those for the ¢(2x2)-0.50ML structure (0.54 + 0.02 for 155 K and 0.50 + 0.05 for 298
K), thus indicating a higher coverage than the ¢(2x2)-0.50ML structure. Hutchings et
al. (1990) indicated that the c(2x2) and c(4x4) structures were able to coexist.
However, we are confident that the LEED patterns and coverages (from peak to peak
ratios detailed above) observed indicated only a c(4x4)-0.62ML structure on the

copper surface.

Figure 7.2.1. shows an Argand diagram illustrating the theoretical vectors for single
site adsorption in atop, bridge and four-fold hollow sites, along with the experimental
NIXSW values obtained for the (200) reflection. Clearly, the angle (i.e. the coherent
position) of the four-fold hollow site vector (54.9°) is close to that of the experimental
vectors obtained for both temperatures (84.7° + 6° for 155 K and 77.3° £ 4° for 298
K), but not within the error margins. In fact the room temperature vector is halfway
between the bridge (127°) and four-fold hollow (54.9°) vectors. The high coherent
fraction for the (200) reflection data also indicates a high degree of order in the

adsorbate heights above the (200) planes.
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Imaginary
155K (84.7%)
298K (77.3%)

" Atop (189.8")
&4— Bridge (127")
4 Four Fold Hollow (54.9")

Figure 7.2.1. Argand vector diagram showing the vectors for the (200) reflection
illustrating the theoretical vectors (coloured arrows) of the atop. bridge, four-fold
hollow sites along with the experimental vectors obtained for the Cu(100)/Hg-c(4x4)-

0.62ML structure at T = 298 K and T = 155 K (black arrows). The circle radius is

equivalent to a coherent fraction of 1.0.

site adsorption in atop, bridge (case a and b) and four-fold hollow sites, along w ith the
experimental NIXSW values obtained for the (111) reflection. The angle (ie. the
coherent position) of the four-fold hollow site vector (27.4°) is identical (within errors)

the experimental vectors obtained for both temperatures (20.9° + 8° for 255 K and
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25.0° +7° for 298 K). Bridge site adsorption has already been eliminated as a Gaussian
NIXSW profile producing a coherent fraction of zero was not seen for the c(4x4)-
0.62ML structure. The comparatively high coherent fractions combined from the
experimental profiles indicate that there is a high degree of order in the adsorbate

heights relative to the (111) planes.

Imaginary

298K (259

¢ Atop (274.9%)
&— Bridge (case a, 243.5")
_ Bridge (case b, 63.4")

- — Four Fold Hollow (27.4")

illustrating the theoretical vectors (coloured arrows) of the atop, bridge (case a. and
b.), four-fold hollow sites along with the experimental vectors obtained for the
Cu(100)/Hg-c(4x4)-0.62ML structure at T = 298 K and T = 155 K (black arrows).

The circle radius is equivalent to a coherent fraction of 1.0.



The Argand diagram for the (111) reflection indicates well-defined adsorption into the
high symmetry four-fold hollow sites and the (200) reflection Argand diagram indicates
adsorption in either the four-fold hollow or bridge site, Therefore, we are now able to

discuss the previous adsorption models for the ¢(4x4)-0.62ML structure.

Several authors (Hutchings et al. 1990, Dowben et al. 1990b, 1991, Kime et al. 1992,
Li et al. 1991a, 1992a, Varma et al. 1990 and Vidali et al. 1990) have proposed that
the c(4x4)-0.62ML structure consists of mercury adatoms forming a coincidence net
on the Cu(100) surface. Such a model would consist of a supercell containing five
atoms with four in high symmetry sites, and a coverage of 0.62ML. The mercury
adsorbate atoms have a nearest neighbour lateral separation of 3.22 A (Hutchings et al.
1990, Dowben et al. 1990b, 1991, Li et al. 1992a, Varma et al. 1990 and Vidali et al.
1990) relative to the Cu(100) surface lattice constant of 2.55 A (Dowben et al. 1990b).
The coincident mercury square net is rotated by 18.4° with respect to the [100]
direction of the copper lattice (Hutchings et al. 1990, Li et al. 1992a). Figure 7.2.3.
illustrates the c(4x4)-0.62ML mercury coincidence net structure proposed by the

above authors.

The c(4x4)-0.62ML overlayer structure is expected to be slightly rumpled because the
mercury adatoms are partially displaced from their high symmetry four-fold hollow
sites. This is because the substrate potential has a strong enough influence to constrain

the mercury atoms to occupy well-defined adsorption sites and to impose its square

symmetry on the overlayer.
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(111) Planes

Figure 7.2.3. A schematic diagram of the possible Cu(100)-c(4x4)-Hg-0.62ML real
space coincidence net structure proposed by previous studies with the mercury atoms
located in four-fold hollow and low symmetry sites. The mercury adatom surface net is
also shown. The (111) planes are schematically illustrated on the side view of the
structure indicating how these planes relate to the mercury adsorbate atoms' position.
The adlayer is not puckered in this diagram. The yellow and red atoms represent

copper and mercury respectively. The diameters of the atoms are arbitrary.



As explained in section 2.1.2.2. for any X-Ray standing wavefield in which the
reflecting planes are not parallel to the surface, the individual layer spacings of the
different adsorption sites for a coincident lattice will involve regular increments that
are rational fractions of the bulk layer spacing for this reflection. The vector sum for
such a coincident lattice leads to a coherent fraction of zero (Woodruff et al. 1994),
However, this prediction would produce a Gaussian NIXSW profile with a positive
excursion of approximately 1.48, and hence a coherent fraction of zero which conflicts
with our data. Therefore the Argand diagram for the c¢(4x4)-0.62ML structure
proposed by the above authors and shown in figure 7.2.3. would be that illustrated in

figure 7.2.4. where the vectors sum to zero.

Clearly, this proposed c(4x4)-0.62ML coincident mercury adsorbate structure does not
fit the data obtained in our NIXSW experiments. We do not obtain a Gaussian NIXSW
profile with a coherent fraction of zero in our studies of the c(4x4)-0.62ML structure.
The NIXSW data reported here for the (111) reflection planes produce a high coherent
fraction of 0.5 relative to the (111) reflection. Such a high coherent fraction can only
be reconciled with a high degree of order in the adsorbate relative to the (111)

reflection planes.
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Figure 7.2.4. Argand vector diagram showing the vectors for the (111) reflection
illustrating the vectors obtained for the Cu(100)/Hg-c(4x4)-0.62ML coincident net.

The coincident net vectors cancel exactly.



A model which is consistent with our data is shown in figure 7.2.5. The red mercury
atoms occupy four-fold hollow sites and the violet mercury atoms are positioned
slightly off (= 0.45 A, see figure 7.2.6) four-fold hollow sites. The adsorbate atoms
would be pulled into the high symmetry adsorption sites by the binding energy
potential of the surface. The two adjacent adatoms would then be forced into positions
with an equal distance between the sites compatible with the adsorbate-adsorbate and
adsorbate-substrate bond lengths. The adsorbate atoms therefore have to compromise
between these two tendencies if the bond length is different from the site-to-site
distance. Therefore, for the c(4x4)-0.62ML mercury adsorbate structure, there would
be some atoms in exact four-fold hollow sites and some would reside in sites slightly
off the four-fold hollow position (figure 7.2.5). This would produce an adsorbate
overlayer consisting of crosses of mercury adatoms. The atoms occupying exact four-
fold hollow sites would have four mercury neighbours, whereas the mercury atoms
slightly off the four-fold sites would have only one mercury neighbour (within the

“crosses™).
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Figure 7.2.5. A schematic diagram of the model Cu(100)-c(4x4)-Hg-0.62ML real space
structure consistent with our data by this study. The red mercury atoms located in four-
fold hollow and violet mercury atoms in slightly off four-fold hollow sites. The adlayer is
not puckered in this diagram. The yellow atoms represent copper. The diameters of the

atoms are relative to each other.
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Figure 7.2.6. A schematic diagram illustrating how the coherent position (relative to
the (100) and (111) reflection planes) of the mercury adatoms in the four-fold hollow
sites (FFHS) and off- four-fold hollow sites can be calculated. The red atoms and
yellow atoms represent mercury and copper atoms respectively. The radii of the atoms

are arbitrary.

184




The mercury adsorbate atoms in the aforementioned “cross” structure would all be at a
height similar to that of four-fold hollow adsorption relative to the (200) reflection
plane. The NIXSW data for the (200) reflection would therefore be indicative of four-
fold hollow adsorption. The variation (FFHS = 2.084 A and Off:FFHS = 2.303 A) in
these (200) adsorption heights would produce a slightly lower coherent fraction than
that observed for the c(2x2)-0.50ML structure (in which all the adatoms are in four-
fold hollow sites). The Argand diagram in figure 7.2.7 illustrates the resultant vector
for the FFHS and off-FFHS sites relative to the (200) reflection planes. Such a vector
would equate to a coherent position of 2.204 A and a coherent fraction of 0.9. These
values are remarkably close to the experimental values (coherent position, coherent
fraction) of the 298 K (2.196 + 0.20 A, 0.80 + 0.04) and 155 K (2.233 £ 0.03 A, 0.75

+0.05) NIXSW data for the (200) reflection plane.
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Figure 7.2.7. Argand vector diagram showing the vectors for the (200) reflection
illustrating the theoretical vectors (coloured arrows) of the four-fold hollow site
(FFHS) and the off-four-fold hollow sites, along with the experimental vectors
obtained for the Cu(100)/Hg-c(4x4)-0.62ML structure at T =298 K and T = 155 K
(black arrows). The circle radius is equivalent to a coherent fraction of 1.0. There are
three four-fold hollow sites and two off-four-fold hollow sites per unit cell, therefore

the FFHS: off-FFHS ratio is 4:1 for the vector representation.
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For the (111) reflection NIXSW data, a low coherent fraction would still be expected
because of the various adsorbate heights above the (111) planes (FFHS = 2.246 A and
Off-FFHS = 1.355 A, 1.661 A, see figure 7.2.6). This coherent fraction would not be
zero as predicted for the for the coincidence net (111) reflection data. The Argand
diagram illustrating the resultant vector for the aforementioned “cross” structure can
be seen in figure 7.2.8. The resultant vector represents a coherent position of 2.035 A
and a coherent fraction of 0.47 relative to the (111) reflection planes. The coherent
fraction of this resultant vector is identical to that of 0.50 + 0.10 obtained <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>