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Surface Structures and Surface-Atom Vibrations

Determined Using Photoelectron Diffraction

By

Li-Qiong Wang

Abstract

Surface structures of xf-3xx/3 R30 ° C1/Ni(lll) and c(2x2)C1/Cu(001) were

determined using low-temperature angle-resolved photoemission extended fine structure

(ARPEFS), which yields both more accurate surface and near-surface structural

information for deeper substrate layers. For the study of c(2x2)Cl/Cu(001), the C1 atoms

were found to adsorb in the four-fold hollow site, 1.604(5) A above the first copper layer,

with a C1-Cu bond length of 2.416(3) A. The c(2x2)Cl-covered first copper layer showed

no relaxation with respect to the bulk position. However, there is a 2% expansion of the

separation between the first copper layer and the second atopped-site copper layer, and a

small corrugation of the second copper layer where the atopped-site copper atoms are

further away from the C1 atom. The distances from the CI atoms to the third and fourth

copper layers were found to be 5.222(25) A and 7.023(22) A, respectively, yielding a

bulk-like interlayer spacing. Thus the depth sensitivity of low-temperature ARPEFS

facilitated definitive referencing of near-surface atomic positions to the underlying lattice.

° A structural analysis of -,/3x'4-3R30 ° C1/Ni(111) determined that the C1 atom adsorbs in the

fcc three-fold hollow site, 1.837(8)/_, above the first nickel layer, with a CI-Ni bond
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length of 2.332(6)/_, and an approximate 5% contraction between the first and the second

nickel layers.

A study of surface-atom vibrations for _J-3×_ R30 ° C1/Ni(lll) and

c(2×2)C1/Cu(001) was made using temperature-dependent ARPEFS. The adsorbate

mean-square displacements in the direction parallel to the surface were found to be larger

than those perpendicular for both systems. However, the relative magnitude of the

vibrational anisotropy in the parallel to the perpendicular directions was found to be larger

for the _×'_l-3 R30 ° C1/Ni(111) than for the c(2×2)CI/Cu(001). A model for predicting

the adsorbate vibrational anisotropy from surface structures was proposed and also

successfully applied to several adso,'bate systems. This model offered a simple and

straightforward physical picture for understanding different types of vibrational

anisotropy. For example, the c(2×2) overlayers of S and O on Ni(100) have the opposite

vibrational anisotropy for S and O atoms.



. Chapter 1

Introduction

Surface Science studies using well-characterized single crystal surfaces have been

exploring surface properties, such as geometric structures, electronic structures, surface

chemical bonding and dynamic phenomena, on the molecular level with a combination of

electron, ion, photon, and molecular beam scattering techniques. A knowledge of detailed

surface structures including adsorption geometries and adsorbate-induced relaxations is

essential to any quantitative microscopic understanding of surface phenomena. Angle-

resolved photoemission extended fine structure (ARPEFS) 1-5 is well known as one of the

techniques which provide the most quantitative surface structural information. This thesis

focuses on using the ARPEFS technique with the temperature dependence to determine

accurate structural information and dynamic information such as surface-atom vibrations.

To demonstrate these capabilities of ARPEFS, two adsorbate systems, c(2×2)Cl/Cu(001)

and ,]-3x,f3 R30 ° C1/Ni(111) were studied using temperature-dependent ARPEFS. We

hope to contribute to the understanding of the mechanism of the adsorbate-induced

" relaxations, the anisotropic surface-atom vibrations, and the relation between the static

structural information and dynamic information.
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Section 1.1 reviews several techniques based on electron diffraction, and compares

them with ARPEFS. Section 1.2 gives a brief introduction to temperature-dependent

ARPEFS for obtaining accurate surface and near surface structures, as well as the 4

vibrational amplitudes of surface-atoms.

1.1 Electron/Photoelectron Diffraction

Electron diffraction is the interference of electron waves. In Quantum Mechanics,

the "two-slits problem" is an example of the interference phenomenon. 6 Electrons in the

energy range of 100 - 1000 eV can be used to probe sr rface structures, due to their limited

mean-free-paths caused by inelastic scattering. For example, in low-energy electron-

diffraction (LEED), a primary low-energy electron beam hits on a long-range ordered

surface, then the reflected electrons are collected. The observed LEED pattern provides

direct information on the periodicity or translational symmetry of a surface structure.

However, it does not give a clear picture of the actual location of the surface atoms within

the unit mesh. To extract this information, the diffracted beam intensities must be studied

in a way similar to x-ray crystallography of bulk structures, with a complicated LEED

theory. 7

As with electron diffraction, photoelectron diffraction is the final-state interference

of photoelectron waves or Auger electron waves. Based on photoelectron diffraction,

techniques such as x-ray photoelectron diffraction (XPD), 8 surface extended x-ray-

absorption fine structure (SEXAFS), 9 and ARPEFS 1 have been used to study surface

structures.

The first observation of strong diffraction effects in photoemission from single-

crystal substrates was made by Siegbahn et al. l0 and by Fadley and Bergstrom. 11 Using
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the phenomenon of photoelectron diffraction as a probe of surface structure was originally

proposed by Liebsch.12,13 He suggested that photoelectron diffraction could be observed

. from adsorbates on surfaces and that the interference pattern could contain information

about the geometry of atoms surrounding the photoemitting adsorbate. This theoretical

prediction was later confirmed experimentally by Kono et al., 14 Woodruff et al., 15 and

Kevan et al.16 independently. Their experiments involved exciting a core photoelectron or

a relatively simple "core-like" Auger transition from an adsorbate on a single crystal, and

then observing modulations in the resulting photoemission intensities that are due to the

final-state interferences between the direct and the scattered waves by neighboring atoms.

The peak intensities can be monitored as a function of either the emission directions or the

photoelectron kinetic energy. In theory, a complete picture of photoelectron diffraction

could be obtained by measuring photoemission intensities as a function of the two-

dimensional emission angle and the one-dimensional photoelectron energy, giving a three-

dimensional abscissa. However, experimental limitations constrain the measurement to

smaller dimensions. Thus, there are several forms of photoelectron diffraction: scanned-

angle, scanned-energy, and scanned two-angle photoelectron diffraction. With soft x-ray

excitation at about 1.2-1.5 keV in the typical x-ray photoelectron spectroscopy (XPS)

limit, scanned-angle measurements have been termed x-ray photoelectron diffraction

(XPD) and its close relative Auger electron diffraction (AED), both including the

azimuthal- photoelectron diffraction (APD) and the polar- photoelectron diffraction (PPD).

In comparison with XPD, scanned-energy photoelectron measurements require a tunable
o

photon source - synchrotron radiation, and consist of performing a series of constant-

initial-state scans for a core level, with the electron emission direction held fixed.

Originally, this scanned-energy method was called normal photoelectron diffraction

(NPD), 17,18 in which oscillations over a limited low energy range were fitted with a
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LEED-like theory to derive structures. Later, ARPEFS was employed to emphasize the

similarity to surface extended x-ray-absorption fine structure (SEXAFS) and the

advantages of non-normal emission directions. More recently, a photoelectron hologram

proposed by Barton 19 is a scanned two-angle photoelectron diffraction pattern. A

complete three- dimensional image of the surface structure surrounding the emitter can be

reconstructed by Fourier transformation. Photoelectron holography is a new way to use

photoelectron diffraction to study the structure of solid surfaces: complete three-

dimensional images of adsorption sites are now within reach, lt promises to be a powerful

tool complementary to atomic resolution microscopy - scanning tunneling microscopy

(STM).

We will here emphasize the ARPEFS technique and compare it with LEED, XPD,

and SEXAFS. ARPEFS is a particular form of angle-resolved and energy-dependent

photoelectron diffraction. Figure 1 illustrates the important aspects of the scattering

leading to ARPEFS. The incident polarized photon from monochromatized synchrotron

radiation excites an adsorbate l s core-level. The outgoing photoelectron waves can

directly propagate to the angular resolving detector, and at the same time, part of them can

also be elastically scattered by the surrounding substrate atoms, then propagate to the

detector. The direct and scattercd waves interfere at the detector constructively or

destructively depending on their path-length differences. This interference gives rise to the

ARPEFS and can be represented by an oscillatory function z(k), as a function of electron

wave number k. Using a single-scattering model, x(k) can be described as:
o

x(k) o_ Z Aj(k) cos[k rj (1-cos0j) + t_j], (1)
J

where the summation is over ali atoms near the adsorbate (source) atom from which the

core-level photoemission is being measured, Aj(k) contains the elastic scattering amplitude
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modified by the inelastic losses and aperture integration, rj is the distance between the

photoemitter and j th scattering atom, 0j is the scattering angle at the j th atom, and ¢j is

the scattering phase shift. The oscillatory nature of x(k) allows Fourier transform, givingat.

rather direct access to the structural information. In Fourier transformation, ARPEFS

• yields path-length differences ARj = rj (1-cos0j), while SEXAFS gives interatomic

distances between the adsorbate (source) and substrate (scattering) atoms.

Experimentally, in ARPEFS, one measures the angle-resolved photoemission

intensity I(E) as a function of the photoelectron kinetic energy E over a wide energy range

(typically = 50 - 550 eV), with equal increments Ak = 0.05 - 0.1 ]k-1. In analogy to

EXAFS, the total photoemission intensity I(E) consists of a slowly varying atomic-like

function and an oscillating contribution caused by the interference effects. The oscillating

function z(E) can be determined by removing the slowly varying atomic-like function

I0(E) from the total photoemission intensity I(E):

I(E)- I0(E) (2)x(E) - I0(E) "

Thus, x(k) curves can be obtained from x(E) by converting E to k, using the De Broglie

relation:

k =l_i "1 x]2me (E + V0) , (3)

where me is the electron rest mass and V0 is the inner potential of the solid.

A general scheme for ARPEFS date analysis is shown in Fig. 2. Experimental

x(k) curves are normally analyzed in two ways: fast Fourier-transform (FFT) analysis,

" and multiple-scattering spherical-wave (MSSW) analysis. We first Fourier-transform the

experimental x(k) curves, obtaining the qualitative structure information: the adsorption-

site identification and approximate geometrical parameters. Based on the qualitative

structural information from the Fourier-transform, MSSW calculations are then applied to
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simulate the experimental x(k) curves using an R-factor (reliability-factor) as a quantitative

measure of the fits. With a MSSW level analysis, more precise structural information

including small corrugations and relaxations on and near the surface can be obtained. A

quantitative structural analysis by ARPEFS requires multiple-scattering spherical-wave

theory, 1 while single-scattering is usually applied in SEXAFS and XPD. However,

ARPEFS theory is simpler than the LEED theory because in LEED, the incident electron

beam excites every atom in the surface region (no chemical specificity), leading to a

complex scattering problem. Furthermore, in ARPEFS, the Taylor-series magnetic-

quantum-number expansion (TS-MQNE) approximation permits economical MSSW

calculations. From Fig. 2, we can see that there is a long journey from MSSW theoretical

simulations to the quantitative results because this process involves many detailed data

analysis procedures and raises some interesting questions such as how we optimize a large

parameter space and what the error is associated with each derived parameter. The

answers to these questions will be given in the following chapters. Accurately determining

the error associated with each derived parameter is as important as obtaining the parameter

itself. Chapter 2 describes detailed procedures for a semi-quantitative estimation of

statistical errors instead of quoting ali errors as ca. + .02/_, in hopes of advancing a

quantitative way of estimating errors.

ARPEFS has large oscillation amplitudes compared with SEXAFS. Since

SEXAFS oscillation occurs in the total x-ray absorption cross section, they are an integral

of the ARPEFS oscillations over all emission angles 20 and ali final states excited at a

particular x-ray energy. 21 lt is not surprising that this integration averages over various

phases and leads to considerably lower percent effect. Therefore, ARPEFS x(k) curves

with larger oscillating amplitudes can be used to extract the structural information more

accurately. Additionally, because of the directional sensitivity of ARPEFS, the different
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views of surface structure can be obtained by choosing different emission directions,

giving different emphasis to the scattering atoms. Since, in ARPEFS, backward-scattering

- (0j = 180°) and forward-scattering (0j = 0°) are dominate processes, the emission direction

is always chosen to highlight nearby backscattering atoms. Taking advantage of the

directional sensitivity of ARPEFS, the normal emission is selected to highlight the

perpendicular interlayer spacing, while an offnormal emission direction is chosen to

determine the bond length and bond angle. Thus, ARPEFS can determine the deeper

interlayer spacings than does SEXAFS. Similarly, XPD or AED has a predominant

forward-scattering, giving enhanced peak intensities along major crystal axes. Hence, the

"forward scattering" or "search light" effect was applied to epitaxial growth. 22-24

Photoelectron diffraction is only sensitive to the local environment of a particular

species of atom, while LEED needs a long-range ordered system. However, a newly

developed technique, diffuse LEED (DLEED) can be used to study disordered surfaces by

analyzing the background of the normal LEED intensity. 25, 26 This will make a great

contribution for studying imperfect systems such as stepped-surfaces. In principle,

ARPEFS could also be used to study disordered systems if there were enough

photoemission intensities from the adsorbate atoms.

Since the photoemission final-state interference takes piace on the adsorbate

(source) atom in SEXAFS, rather than on the detector in ARPEFS, SEXAFS is sensitive

to the central (source) atom phase shift. Errors might be brought into the SEXAFS

. analysis because of uncertainties associated with accurately describing the central atom

phase shift.

In summary, each of the techniques we have discu,_ed has certain unique

advantages and disadvantages, and they often complement one another. In general,

ARPEFS is the more precise technique for analyzing detailed structures such as small
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relaxations or reconstructions on and near surfaces than SEXAFS, and simpler than LEED

in theoretical modelling, but more complicated in experimental details. In this thesis, we

use the advantages of ARPEFS. A scientific approach using multiple techniques is

required to understand more complicated real systems.

1.2 Temperature-Dependent ARPEFS

Atoms are not static in the crystal lattice, but oscillate around their equilibrium

positions. This thermally excited vibrational motion of atoms is greatly dependent on the

temperature. ARPEFS observes the thermal averaging of the interference effects, where

the vibrational motions of surface-atoms attenuate the oscillation amplitude of the x(k)

function. Thus, x(k) is also a function of temperature T. To include the temperature

effect, each term of the x(k) function given in Eq. (1) must be multiplied by a vibrational

attenuation factor. Here we use a temperature-dependent Debye-Waller factor, D(T),

which can be simply represented as:

D(T) = exp [- oj2(T)( 1 - cos0j ) k2], (4)

_j2(T) is the temperature-dependent mean-square relative displacement (MSRD)
where

between the photoemitter and the j th scattering atom, projected on the photoelectron

momentum change direction K. Thus,

ISj2(T) = < [ ( Uo- uj )'K] 2 >, (5)

where Uoand uj are the displacements of the photoemitter o and the j th scattering atom .

from their equilibrium positions. We can expand the MSRD, _j2(T) into the sum of the

mean-square displacements (MSD) of atoms o and j projected on K, minus twice their

displacement correlation function (DCF):
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< [ ( Uo - uj ).K] 2 > = < ( uo.K ) 2 > + < ( uj-K ) 2 >

- 2 [ < ( uo-K ) (uj.K) > ], (6)

• where each term can be calculated mainly from the individ.,aal atomic mass (mj), the

anisotropic and surface-layer dependent Debye temperature (0 D) and the experimental

temperature(T). 1 Hence, surface-atom vibrations, described by the mean-square

displacement ( MSD ) of the individual atom, depends on the above factors. Softer

substrate surface ( lower 0 D ), higher temperature, and smaller atomic adsorbate mass give

the larger attenuation of ARPEFS oscillating amplitudes. In this thesis, we greatly

emphasize the temperature effect of ARPEFS. The low-temperature ARPEFS improves

the signal-to-noise ratio of x(k,T) curves for the softer surfaces and the temperature-

dependent ARPEFS allows us to study surface-atom, ibrations.

Since ali structural information is included in x(k,T) curves, x(k,T) curves with

good quality are required for extracting accurate and detailed surtace structures, including

surface reconstructions or relaxations. Therefore, it is important to reduce the thermal

vibrations of surface atoms to improve the signal-to-noise ratio of x(k,T). By choosing

the stiff substrate chromium (bulk 0 D_-460 K), the large oscillation amplitude - 50-70 %

was observed in a previous study of S/Cr(001),3 where path-length differences greater

than 10/_ were discernable and successfully modelled by the MSSW calculations. By

performing ARPEFS measurements at low temperatures, similar advantages would be

expected with a softer lattice. Figure 3 illustrates the temperature effect of ARPEFS.

Because copper (bulk 0 D - 343 K) is a relatively soft surface, a room-temperature x(E)
e

curve has lower oscillation amplitude and bad signal-to noise ratio, especially at higher E,

" while the low temperature data shows drastically enhanced oscillation amplitudes, and a

good signal-to noise ratio even at high E. Furthermore, the Fourier spectra also shown in
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this figure clearly demonstrate the -,alue of low-temperature ARPEFS for probing deeper

substrate layers.

Adsorbate atoms cause restructuring of single-crystal surfaces, ranging from small

atomic relaxations and reconstructions to macroscopic shape modifications, lt is important

to understarJd the mechanism of relaxations or reconstructions. However, a complete

knowledge of adsorbate-induced relaxations requires a reliable and accurate determination

of both surface and near-surface structures including deeper substrate layers. Chapter 2

presents a low-temperature study of the c(2x2)C1/Cu(001) system, providing a complete

picture of surface relaxations. Cooling the lattice effectively extends the range of ARPEFS

to the fourth copper layer, thereby firmly referencing atomic positions on and near surface

layers to the bulk crystal lattice. We chose the atomic adsorbate systems in our studies

because the chances of understanding relaxation phenomena and dynamic information on

this type of system are significantly higher. Furthermore, thorough studies on these

relatively simple systems will certainly help us to understand more complicated systems,

such as catalytic reaction, polymer coating, and other interfacial problems. The interesting

questions are : Can a universal picture be proposed to explain the relaxation phenomena for

ali the systems? Do other C1 adsorbate systems have similar relaxations as does the

c(2x2)C1/Cu(001) system? Chapter 3 presents a low-temperature study of the "4-3×'4-3

R30 ° C1/Ni(1 11) system for further exploring the relaxation phenomena.

During recent years, there have been remarkable advances in our understanding of

lattice vibrations on both clean and adsorbate-covered surfaces. Techniques such as

optical spectroscopies (infrared adsorption 27 and Raman scattering), electron energy loss

spectroscopy (EELS), 28 and inelastic scattering of low energy atom beams from the

surface such as He-atom scattering 29 are powerful means of probing the vibrational

motions of atoms or molecules on surfaces through the dispersion relations of surface
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phonons and surface resonances. In EELS, an electron incident on the crystal with energy

Ei may excite a quantized vibrational mode with energy hto before backscattering into the

- vacuum, lt thus emerges with energy Es = Ei - h03, so an analysis of energy spectrum of

the backscattered electrons provides direct information on the vibrational frequencies of
w

surface atoms. Instead of electron beams, He scattering uses low-energy He-atom beams.

The basic principle of He scattering is very similar to that of EELS. However, in He

scattering, time- of-flight spectroscopy and sophisticated detection schemes are required.

In general, the resolution offered by optical spectroscopy is superior to EELS. However,

when optical methods are applied to the study of adsorbates on surface, the signals are

weak and sometimes difficult to detect against the background. Therefore, EELS and He

scattering are the most useful tools for surface studies. However, there are some

drawbacks to these techniques. In EELS, it is sometimes difficult to detect very low

vibrational frequencies for systems. For example, it is for heavy atomic adsorbates on

heavy metal surfaces, due to the limited resolution of electron spectrometer. Furthermore,

the analysis of phonon spectra can be very complicated if there is an overlapping between

bulk and surface phonons. The vibrational spectroscopies we have discused may also be

used to infer the nature Of an entity adsorbed on the surface and the adsorption site from

qualitative features in the spectrum. In comparison with vibrational spectroscopy, electron

diffraction is a more powerful tool for obtaining quantitative structural information, but

less direct about lattice vibrations. However, from recent temperature-dependent SEXAFS

. experiments 30,31we conclude that photoelectron diffraction can be used to study surface-

atom vibrations through the mean-square relative displacements inferred from the Debye-

Waller factors. Different kinds of anisotropic surface-atom vibrations were observed in

these studies. Since ARPEFS has directional sensitivity, the vibrational ,anisotropy may be

more prominent as compared with SEXAFS. In SEXAFS, the anisotropy of surface-atom
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vibrational amplitudes is directly obtained from experimental data by comparing the

differences of MSRE) value_ at two different temperatures in parallel and perpendicular to

the surface. However, because of multiple scattering involved in ARPEFS, it is difficult

for ARPEFS to get this information by using a SEXAFS-like method. Therefore, a

different approach must be taken to study surface-atom vibrations in ARPEFS analysis.

Chapter 4 presents the results of surface-atom vibrational amplitudes and anisotropic

vibrations using temperature-dependent ARPEFS studies. Although photoelectron

diffraction is more sensitive to the structures than vibrations of surface-atoms, it is a valid

approach for obtaining the direct information about surface atom vibrational amplitudes,

rather than analyzing complicated phonon spectra in vibrational spectroscopy.

Photoelectron diffraction provides information on certain averages over the phonon

spectrum of the crystal, and thus is not sensitive to its detailed nature.

Surface properties such as geometric structures, electronic structures, and dynamic

phenomena are often related to each other. In surface science, it is important to know the

relation between the static structures and the surface dynamics. The conventional view for

clean surfaces is that perpendicular surface-atom vibrational amplitudes should be larger

because of the increased degrees of freedom at the surface. A study on the

c(2×2)O/Ni(001) system 32 showed the similar trend, while a recent SEXAFS study on the

c(2×2)C1/Cu(001) system 30 showed the opposite trend where surface-atom vibrational

motions within the plane are larger than those along the normal to the plane. More

interestingly, it was found that the adsorbate vibrates nearly isotropically on the surface in

the p(2×2)S/Cu(001) system. 5 An interesting question is: Can a universal model be

proposed to predict the direction of anisotropic surface-atom vibrations from static surface

structural information? Chapter 4 presents a model to predict the anisotropic direction

from the structures and to link the structural and dynamic information. This model is
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tested by using structural results from the temperature-dependent measurements of both the

c(2×2)C1/Cu(001) ancl "_×',1-3 R30 ° C1/Ni(111) systems. The remainder of this thesis

is organized as follows. Chapters 2 and 3 present detailed studi,es of adsorbate geometry

and substrate surface relaxations using low temperature ARPEFS for the

" c(2×2)C1/Cu(001) and ,f3×_/-3 R30 ° CI/Ni(111) systems, respectively. Chapter 2 also

describes the procedures of semi-quantitative error analysis. Chapter 4 presents the results

of surface-atom vibrations using temperature-dependent ARPEFS studies on the above

systems and predicts the direction of surface -atom vibrational anisotropy. A summary

and conclusions are given in chapter 5.
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Figure Captions

FIG. 1. An illustration of the basic principle of ARPEFS. ARPEFS is the final-state

interference betwee_l the direct wave and the scattered wave at the angle-
Q

resolving detector. The adsorbate and the substrate atoms are represented

by A and B, respectively. The interatomic distance rj, scattering angle 0j, and

photon polar:,zation vector e are indicated. The highlighted vectors represent

the path-length difference: rj (1-cos0j).

FIG. 2. A general scheme for ARPEFS data analysis. The experimental raw data g(E)

can be analyzed by fast Fourier transform (FFT) to get qualitative results, and

also can be simulated by multiple-scattering spherical wave (MSSW)

calculations to obtain quantitative results.

FIG. 3. The experimental x(E) curves and the Fourier spectra for the [001 ] geometry at

two temperatures, 110 K and 300 K. In the upper portion, the solid curve is

x(E) at 110 K, while the curve with solid dots is at 300 K. In the lower

portion, the heavier curve is the Fourier spectrum at 110 K, while the light one

is at 300 K. Each numbered peak is associated with a scattering path-length

difference for a numbered atom in the inset.
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Chapter 2

Adsorbate Geometry and Substrate-
Surface Relaxation of

c(2x2)Cl/Cu(O01) Using Low-
Temperature ARPEFS

Abstract

A detailed structural study of the c(2x2)C1/Cu(0G1) adsorbate system was made,

using the angle-resolved photoemission extended fine structure (ARPEFS) technique at

low temperature, which yields both more accurate surface structural information and near-

surface structural information for deeper substrate !ayers. Electrons were detected along

two emission directions, [001] and [011], and at two temperatures, 110 K and 300 K.

The C1atoms were found to adsorb in the four-fold hollow site, 1.604(5) A above the first

copper layer, with a CI-Cu bond length of 2.416(3) A (in which the errors in parentheses

are statistical standard deviations only). These values are in excellent agreement with a

previous low-energy electron-diffraction study by Jona et al. The c(2×2)Cl-covered first

copper layer showed no relaxation with respect to the bulk position. However, a small
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corrugation of the second copper layer was found: The second-layer copper atoms below

C1 atoms move 0.042(12)/_, away from the surface, while those in open positions remain

" in their bulk positions. The distances from the C1 atoms to the third and fourth copper

layers were found to be 5.222(25)/_, and 7.023(22)/_,, respectively, yielding a bulk-like

interlayer spacing. Thus the depth sensitivity of low-temperature ARPEFS facilitated

definitive referencing of near-surface atomic positions to the underlying lattice.
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2.1 Introduction

There is chemical and physical interest in detailed surface structures, and in

adsorbate-induced substrate surface relaxation. Techniques such as low-energy electron-

diffraction (LEED), 1 surface extended x-ray-absorption fine structure (SEXAFS), 2

medium-energy ion scattering (MEIS), 3 the x-ray standing-wave method, 4 and angle-

resolved photoemission extended fine structure (ARPEFS) 5 have been used to study

surface structures. However, complete knowledge of adsorbate-induced substrate surface

relaxation requires a reli_i, and accurate determination of both the surface and the near-

surface structure, including the deeper substrate layers. ARPEFS may prove to be

uniquely suitable in this regard among surface-structural techniques, because of its depth

sensitivity to ca. 4-5 atomic layers. The main contribution of this chapter is to demonstrate

this capability of ARPEFS by example: we determine the adsorbate geometry and the

substrate surface relaxation of c(2x2)C1/Cu(001) using low-temperature ARPEFS. The

key point is that cooling the lattice effectively extends the range of ARPEFS to the fourth

copper layer, thereby firmly referencing atomic positions in the surface and near surface

layers to the bulk crystal lattice.

ARPEFS is a novel technique for studying surface structures using photoelectron

diffraction. 6 Using the phenomenon of photoelectron diffraction as a probe of surface

structure was originally proposed by Liebsch7, 8 and was observed experimentally by three

groups independently. 9-11 Initially, our group employed normal photoelectron diffraction

(NPD)12,13, irl which oscillations over a limited low energy range were fitted with a

LEED-like theory to derive structures. Later, ARPEFS, which is formally analogous to

extended x-ray-absorption fine structure (EXAFS), was developed. In ARPEFS, one

measures the angle-resolved photoemission intensity from a core level of the adsorbate as a
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function of the photoelectron kinetic energy over a wide energy range (typically = 50 - 500

eV). Photoelectrons from the adsorbate can be elastically scattered by neighboring atoms:

the measured photoemission intensity contains surface structural information due to the

final-state interference. Unlike LEED, ARPEFS allows qualitative data analyses by

Fourier transformation, giving rather direct access to the structural information. This is

similar to SEXAFS, but ARPEFS yields path-length differences while SEXAFS gives

interatomic distances between the adsorbate (source) and substrate (scattering) atoms. A

quantitative structural analysis by ARPEFS requires multiple-scattering spherical-wave

(MSSW) theory, 14while single-scattering is usually applied in SEXAFS. With a MSSW

level analysis, effects as subtle as small corrugation and relaxation near the substrate

surface can be characterized. More recently, an ARPEFS study of c(2x2)S/Cr(001) 15 has

provided new experimental insight into the depth to which ARPEFS can probe into the

_ubstrate surface. For this stiff lattice (high Debye temperature), path-length differences

greater than 10 A were discernable and were successfully modeled by the MSSW

calculations. By performing ARPEFS measurements at low temperatures similar

advantages would be expected with softer lattices.

In this chapter we report the first low-temperature ARPEFS study on an atomic

adsorbate system. We chose the c(2×2)Cl/Cu(001) system for several reasons. First, we

believed that a detailed study of the surface and near-surface structure of c(2x2)Cl/Cu(001)

at such a high level of accuracy that the substrate surface relaxation including small

corrugation can be revealed might resolve some discrepancies in the literature. In a LEED

study, Jona et al.l determined that the CI atoms adsorb in the fourfold symmetric hollow

sites with a C1-Cu interlayer spacing of 1.60(3) A and a slightly expanded Cu-Cu first

interlayer spacing of 1.85(3) A. However, a CI-Cu interlayer spacing of 1.53(2) A was

derived from a SEXAFS bond length of 2.37(2) ,/k in SEXAFS studies,2,16 and Patel et
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al. 17reported substrate surface relaxation for c(2x2)Cl/Cu(001) by using a combination of

x-ray standing wave and SEXAFS techniques, finding a 0.07 (4) A outward relaxation of

the first copper layer. Indeed, both the LEED and SEXAFS studies have shown the

expansion of the Cu-Cu first interlayer spacing. An interesting question is the following:

how does the substrate relax in this expansion? Is it an outward relaxation of the first

copper layer, or a downward relaxation of the second copper layer, or do both the first and

second copper layer move? Another motivation for this work was to study the surface-

atom vibrational anisotropy using temperature-dependent ARPEFS. That part of the work

will be reported separately.

This chapter is organized as follows. Section 2.2 gives the experimental details.

Section 2.3 describes the procedures of data collection and reduction, and presents results

of two types of analysis used to extract structural information: Fourier and multiple-

scattering analysis. Section 2.4 discusses and compares the results. A summary and

conclusions are given in section 2.5.

2.2 Experimental

The experiments were perform_ at the Stanford Synchrotron Radiation Laboratory

on Beamline III-3 using a Ge(ll 1) double-crystal monochromator. The C1 l s

photoemission spectra were taken in the kinetic energy range from 50 to 550 eV with

photon energies from 2870 to 3370 eV. The resolution of the double-crystal

monochromator was approximately 2 eV through this photon energy range. The double

Bragg reflection geometry significantly enhanced the already high degree of linear

polarization of the incident synchrotron radiation. TM A polarization of _>98 % was

achieved.



25

The photoemission spectra were collected with a hemispherical electrostatic

analyzer described previously. 19 The analyzer is mounted on a carriage which allows

- rotations under UHV conditions of 360 o about a vertical axis and 100 o about a horizontal

axis. Under the operating conditions of 160 eV pass energy, the energy resolution of the

analyzer is --.1 eV FWHM and the angular resolution of the input lens is _+3°. The UHV

experimental chamber also contains a four-grid LEED system for doing LEED and AES,

an ion gun, and an effusive beam doser for sample preparation.

A copper single crystal was cut, oriented to within _ 1° of the (001) direction as

determined by Laue backscattering, then mechanically polished and chemically etched.

The final finished crystal was mounted on a high precision manipulator with a liquid

nitrogen cooling system, allowing enough motion to adjust the orientation of the sample.

In the low-temperature measurements, the sample was cooled to 110 +_5 K as measured

by a chromel-alumel thermocouple attached to the sample. The clean Cu surface was

prepared by repeated A_ ion sputtering and annealing to about 850 K until AES showed

no carbon, nitrogen, oxygen, or sulfur contamination and a sharp p(1 x 1) LEED pattern

was observed. The Cu(001) surface was exposed to C12 through an effusive beam doser.

A sharp c(2x2) C1 overlayer LEED pattern was produced by dosing C12 at room

temperature for about two minutes with the main chambe: pressure below 5x10 .9 Torr.

This was followed by a 400 K annealing for two minutes to completely dissociate Ci2 into

atomic CI.

. The pressure in the experimental chamber was between 2x10 -10 and 6x10 -11 Torr

during all the measurements. The sample was flashed to about 400 K every 6-9 hrs during

data collection, and more often for the low temperature measurements. The ARPEFS

measurements were performed at room temperature and 110 + 5 K, and along the two

emission directions [001] and [011] at each temperature. The experimental directions were
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determined by a He-Ne laser autocollimation referenced to the experimental viewports with

an accuracy of + 2 °. The experimental geometries are shown in Fig. 1. For the [001]

geometry, photoelectrons were collected along the surface normal with the photon

polarization vector 35° from the surface normal toward the [011] direction. The other

geometry, with the photon polarization vector 48 ° off the surface normal almost lying in

the [011 ] direction and with the emission direction co-linear with the photon polarization

vector, is simply called the [011] geometry for convenience in the discussion below.

These two geometries were chosen to highlight nearby backscattering atoms, utilizing the

directional sensitivity of ARPEFS. Backscattering in the [001] emission direction is most

sensitive to the substrate copper atoms directly below the C1 atoms. Emission along the

[001] direction can thus determine interlayer spacings effectively. The [011] emission

direction was selected to emphasize the substrate copper atoms along the [011] direction,

including the nearest neighbors.

2.3 Data Analysis and Results

In this section, we describe the procedures for reducing a series of photoelectron

spectra into x(k) curves, which contain the surface structural information. This

infon-nation was extracted from the z(k) curves in two ways" by Fourier analysis and by

multiple-scattering spherical-wave (MSSW) analysis. Fourier analysis gave the adsorption

site and approximate geometrical parameters. More precise values were obtained by

comparing the experimental data to the MSSW calculations using an R-factor (reliability-

factor) as a quantitative measure of the fit. An automatic routine was used to search the

structural parameters at the minimum R-factor. Detailed procedures are described below.
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2.3.1 Data Reduction

" Four sets of ARPEFS data, at two geometries and two temperatures, were taken on

. separately prepared samples. A series of 80 - 100 photoemission spectra was taken for a

given data set, in equal electron wave-number increments A k = 0.08 - 0.10 A -1. Each

photoemission spectrum was centered on the C1 1s photoelectron peak, with an energy

window of 25 - 30 eV. In the energy region where Auger peaks appeared (181 eV), an

increment of 0.08 A-1 and an energy window of 30 eV were used.

In recent ARPEFS studies, 15,20 a Voigt function (Gaussian convoluted with a

Lorentzian) was used to model the photoelectron peak, to account for lifetime broadening

(Lorentzian) of the core hole and instrumental broadening (Gaussian) due to the

monochromator and analyzer resolution. The Voigt function was found to fit the core-

level photoelectron peak more accurately than a pure Gaussian function. In this work,

each individual photoemission spectrum was fitted with three functions: a Voigt function to

model the core-level photoelectron peak, a Gaussian convoluted with a step function (G

step) to describe the inelastically-scattered electrons associated with the photoelectron

peak, and an experimentally-measured background to account for other inelastic scattering

processes. The quantity of interest was the area of the Voigt peak. lt was necessary to

normalize each photoemission spectrum to compensate for the irregularities in the photon

flux, as well as for the analyzer transmission function. The experimental background

- consisted of three photoemission scans covering the kinetic energy range of 40 - 550 eV.

Each scan was taken at a different photon energy so that the CI 1s photoelectron peak lay

about 10 eV below the lowest kinetic energy in each spectrum. A "master" background

curve was taken for each geometry and temperature, lt was used both for the the least-

square fitting and for the normalization of each photoemission spectrum.
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Since the Lorentzian width due to lifetime broadening is independent of the

experimental conditions, it was fixed in the least-square fittings for ali the photoemission

spectra. The width of the G-step was kept at the same value as the width of the Gaussian

part of the Voigt function. Lorentzian widths in the range of 1.0-1.5 eV, which is

somewhat larger than the natural K-shell linewidth of 0.65 eV for CI calculated by Krause

and Oliver, 21 gave equally good fits. A final value of 1.5 eV was used. Each individual

photoemission spectrum was normalized by a scale factor to the background function

obtained in the least-square fitting. The total photoemission intensity I(E) was generated

by plotting the area of each Voigt function as a function of the photoelectron kinetic energy

taken as the mean energy of each Voigt function. The final I(E) curve was divided by the

kinetic energy to compensate for the analyzer transmission function.

In analogy to EXAFS, the total photoemission intensity I(E) consists of a slowly

varying atomic-like function and an oscillating contribution caused by the interference

effects. I(E) can then be described as:

I(E) = [x(E) + 1] I0(E) , (1)

where I0(E) is a slowly varying atomic-like function and x(E) is the oscillatory interference

function which can be determined by removing the slowly varying function 10(E) from the

total photoemission intensity I(E):

I(E)- Io(E)
z(E) =........[O-(E)-..... " (2)

This is finally the function of interest in ARPEFS, analogous to EXAFS.

Theoretically, I0(E) is essentially the CI 1s atomic cross section, which can in

principle be calculated from the atomic wave functions. In reality, since the exact form of

I0(E) is not completely known and I0(E) contains only the very low frequency part of I(E),

a low-order polynomial or a smooth cubic spline has been applied to simulate 10(E), in
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analogy with EXAFS. 22 Experimentally, however, the low frequency part of I(E)

contains not only the slowly varying atomic-like cross section but also some ARPEFS

" structures at low path-length differences, as well as any contributions introduced by the

. processes of data collection and experimental conditions. For example, movements of the

photon beam and changes in the slope of the experimentally-measured background during

data collection would give rise to low frequency components in the z(E) curves. The

choices of appropriate I0(E) were made by requiring the minimal intensity of the Fourier

amplitude at zero path length in some of the previous studies.15, 23 However, this choice

of I0 (E) is arbitrary, and the z(E) curves generated by using different low-order

polynomials can vary. The structural information at the scattering path-length differences

less than about 1.5-2.0/_ is therefore not reliable, being either distorted or completely

removed. Since there can be no real structural information contained in the path-length

differences less than 2 /_ for the [001] data and 1.5 /_ for the [011] data, low-order

polynomials were first used to construct z(E) curves in the current study, then Fourier

filtering was applied to filter out the frequencies below those values. The resulting x(E)

curves are independent of the choices of the low-order polynomials. In comparing the

experimental results with theory, the same procedures were used to filter the theoretical

curves.

The experirnental z(E) curves are shown in Figs. 2 and 3 for the [001] and [011]

data, respectively, at the two different temperatures, lt is clear that the oscillation

amplitudes of)_(E) at the lower temperature are greatly enhanced as compare :!with those at

room temperature. The oscillation patterns are matched very well at the two temperatures.

Once reliable z(E) curves were obtained, they were converted to z(k) for the

purposes of Fourier transformation and comparison with theory, using the De Broglie

relation:
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k=ti-lN/2me (E + V0) , (3)

where me is the electron rest mass and V0 is the inner potential of the solid. The exact

value of V0 is unknown, but for copper V0 is around 10 eV. We treated V0 as an

adjustable parameter in the fits, and determined its value as 10 + 2 eV.

2.3.2 Fourier Analysis

Fourier analysis of the z(k) curve in ARPEFS yields the path-length differences

A Rj = rj (1-cos0j) , (4)

which follows from single-scattering ARPEFS theory which gives

z(k) = 2 Z Aj(k) e-t_j2(1-cos0j) k2 cos[krj (1-cos0j) + Cj] , (5)
J

where Aj(k) contains the elastic scattering amplitude modified by the inelastic losses and

aperture integration, rj is the distance between the photoemitter and j th scattering atom, 0j

is the scattering angle at the j th atom, and _j is the scattering phase shift. The temperature

effect is introduced as a Debye-Waller factor, where cj is the mean square relative

displacement between the photoemitter and the j th scattering atom, projected on the

photoelectron momentum change direction. The Fourier peaks appear at the path-length

differences A Rj. Structural information can therefore be obtained directly from the

Fourier spectrum of each emission geometry.

The Fourier transformation procedure was described previously. 5 Fourier spectra

for the [001] and [011] data at the two temperatures are given in Figs. 4 and 5,

respectively. In each case, the spectral features agree very well for the two temperatures,

while the amplitudes at the lower temperature are enhanced. Strong Fourier peaks are

present even at path-length differences greater than 10 A for the lower-temperature spectra.



31

This is more prominent for the [001] data where real spectral features up to 20 ]k path-

length difference are evident. Thus, scattering from deeper substrate layers makes

- significant contributions to the ARPEFS signal at low temperature, providing an

opportunity to extract both surface and near-surface structural information more accurately.

lt is known from previous LEED (Ref. 1) and SEXAFS (Ref. 2) studies that the C1

atom adsorbs at the four-fold hollow site of the Cu(001) surface. We can in fact obtain

this adsorption geometry simply by Fourier analysis of the ARPEFS data. Forward (0j =

0 °) and backward(0j = 180°) scatterings give the strongest signals in the k range of our

data. However, for adsorbate source atoms, forward scattering alone does not occur in

our geometries, which were chosen to highlight the backscatterers. Thus, backscattering

provides the strongest ARPEFS signals, producing the dominant peak evident in each

Fourier spectrum. From Eq. (4), the strongest peak due to backward scattering should

appear at a path-length difference ARj -- 2rj if a near-neighboring substrate atom lies at a

distance rj directly behind the adsorbate atom. In Fig. 4, the strong peak at ARj ~ 6.9 A in

the [001] direction is thus assigned to the Cu atom directly below the CI atom. An atop

adsorption site could be considered as an alternative candidate structure. But a C1 atom in

an atop site would then have a bond length of ~ 3.45 A, too long for the CI-Cu bond, and

the peaks at ~ 3.3 A and ~ 5.0 A would be unexplained. In addition, an atop site would

not give a 4.8 A peak in the 1011] emission data, thus an atop site is excluded. The peak at

~ 4.8 A offers a reasonable estimate of the bond length of ~ 2.4 A for either a bridge site

or a four-fold hollow site. However, a bridge site, having no strong backscatterer, would

not give a strong peak at ~ 6.9 A in the [0011 emission direction. Therefore, the four-fold

hollow site is the favored high-symmetry adsorption site for the c(2×2)C1/Cu(001) system,

in agreement with previous LEED 1 and SEXAFS2,16 results. Similar arguments rule out

alternative lower symmetry sites.
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Once the adsorption site is determined, the main features in the Fourier analysis can

provide qualitative structural information about the c(2x2)C1/Cu(001) system. Since

multiple scattering is initially forward-focusing, which does not introduce an additional

path-length difference, the relatively strong and distinctive Fourier peaks can usually be
4,,

assigned to specific scattering path-length differences, with the proviso that a given peak

can arise from two or more sites. Let us discuss the [011] Fourier spectra shown in Fig. 5

first. The peak at -- 2.8 ,_ corresponds to scattering through an angle of-- 116 ° from two

nearest-neighboring atoms symmetrically located at either side of the plane containing the

[001 ] and [011] directions, and the strongest peak at -- 4.8/_, to backscattering from the

one of the four nearest-_eighboring atoms that lies directly behind CI along the [011]

direction. This gives a C1-Cu bond-length of--- 2.4 tk, yielding a vertical distance of CI to

the first copper layer of.-- 1.6/_,. Scattering from the nearest neighboring atom at 0j -- 84°

is almost negligible, because cos 84° = 0.10 in Eq. (5). If we consider a (011) plane

including an atom labelled 1 in Fig. 5 as the first (011) plane perpendicular to the emission

direction, the two peaks at -- 7.6/_ and --10.2 ,_ can be attributed mainly to scattering from

the atoms in the second and third Cu(011) planes, respectively. The peaks at -- 13.0/_ and

.--15.0 ,/kshould correspond largely to scattering from the fourth and fifth Cu(011) layers.

These two peaks have more complicated origins, because at these high path-length

differences scattering processes are very complicated: multiple scattering becomes

important, and many scatterers are involved.

A similar analysis can be applied to the I001] Fourier spectra, shown in Fig. 4. As

noted earlier, the strongest peak, at ~ 6.9/_, is due to backscattering from the second layer

copper atom directly below C1, giving a ~ 3.45 ,_ separation between CI and this atom.

Together with the first-layer spacing of 1.6 ,/k, this already suggests a larger interlayer

spacing than the bulk spacing (1.807/_). The Fourier features at path-length differences
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from 6.9/_, to 10.0 A arise mostly from scattering by atoms in the second copper layer.

The relatively strong Fourier peaks at high path-length differences ~ 10.7 ./kand ~ 15.0/_

" in the lower temperature data contain structural information from deeper substrate layers

than do the room :_mperature data. The peak at ~ 10.7/_ has a large contribution from the

four atoms in the third copper layer, while the broad peak at ~ 15.0/_, includes mainly

scattering from atoms in the fourth copper layer. The peaks at ~ 3.3/_, and ~ 5.0 _ arise

predominantly from scattering through 131° by the four nearest-neighboring atoms, which

have a geometric path-length difference of ~ 4.0/_., where no peak is observed in the [001]

Fourier spectra. The Generalized Ramsauer-Townsend effect 5,23causes peak splitting.

We have thus obtained approximate geometric structural parameters by assigning

the main Fourier peaks. However, several factors limit this method to a qualitative

analysis. First, one usually cannot simply attribute a peak to a single type of scattering

process, because multiple scattering is involved and many scattering paths can give

approximately the same path-length difference, especially at higher path-length differences.

Furthermore, a path-length difference directly derived from the Fourier analysis contains

not only the geometric difference but also the scattering phase shift Oj shown in Eq. (5).

Unfortunately, the back transformation of Fourier spectra cannot completely separate the

geometric path-length difference from the scattering phase shift because of single and

multiple scattering involved in the effective phase shift. Therefore, MSSW calculations are

required to obtain quantitative structural information.

2.3.3 Multiple-Scattering Analysis

In this section, we present a quantitative analysis of the ARPEFS data based on

multiple-scattering spherical wave (MSSW) calculations, after Barton, Robey and
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Shirley. 14 The Taylor-series magnetic-quantum-number expansion (TS-MQNE)

approximation permits economical MSSW calculations and takes into account important

physical aspects of the problem.

A MSSW calculation requires several input parameters, both structural parameters

of adsorbate-substrate geometry and nonstructural parameters including atomic partial

wave phase shifts, Debye temperatures, mean-free path, emission and polarization

directions, detector aperture, experimental temperatures, and inner potential. The theory is

most sensitive to the structural parameters, but the choice of the nonstructural parameters

affects the accuracy of the derived structural information. We first consider the

nonstructural parameters. The copper phase shifts were from previous calculations,23, 24

while the chlorine phase shifts were calculated from a modified program developed by

Pendry for LEED 25 and a potential obtained from atomic Hartree-Fock wave functions,

which were truncated at a muffin-tin radius Rmax. Values of Rmax from 1.0-1.8 ]k were

used in the calculations and an optimum value of Rmax was found to be 1.35 ]k. Phase

shifts at different values of Rmax did not cause strong differences in the results of the

MSSW analysis. The exchange potential was calculated in the X0_ approach with the

factor ot (0.723) used by Schwarz. 26 A total of 16 partial wave phase shifts for CI were

calculated from 40 to 600 eV.

The thermal effect was taken into account by a correlated Debye model which

included surface-layer dependent and anisotropic mean-square relative displacements

(MSRD). 14 The copper bulk Debye temperature was taken as 343 K, while the copper

surface Debye temperature was set to 243 K assuming that the surface copper atoms have

an MSRD twice as that of the bulk. The Debye temperature for the CI overlayer was

estimated to be 325 K from the Cu surface Debye temperature adjusted for the difference in

masses. Actually, surface Debye temperatures for both C1 and Cu are varied in the
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calculations based on the above estimated values. The mean free path was included in an

exponential factor, e-r/L, with _. = ck. The value of c = 0.753 for Cu is similar to that for

Ni. 27 In addition, the emission and polarization angles (+ 3°), the experimental

temperature (110 + 10 K) and the inner potential (10 + 5 eV) were allowed to vary in the

calculations.

2.3.3.1 Site Determination

Fourier analysis established a four-fold hollow adsorption site. Comparisons of

the MSSW calculations with the experimental data confirm this result. The x(k) curves for

three unreconstructed adsorption geometries (atop, bridge and four-fold hollow ) were

calculated using a C1-Cu bond length of 2.41 A derived from the Fourier analysis. The

calculated curves are compared with the experimental data in Figs. 6 and 7 for the [001]

and [011] directions, respectively. By visual inspection, the calculated curves from the

four-fold hollow geometry most closely resemble the experimental data. Still, large

differences exist even for the four-fold hollow geometry, based on these nonoptimized trial

geometrical parameters. To derive a detailed quantitative structure, we therefore optimized

both structural and nonstructural parameters to produce the best agreement between

theoretical and experimental x(k) curves.

2.3.3.2 Structural Determination

First, both the [001] and [011] experimental x(k) curves, at both temperatures,

were smoothed by Fourier filtering out the high-frequency portion of the data (path-length

differences larger than 16.5 A). Although there were some real signals beyond 16.5 A,
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the cutoff at this value retains ali the major contributions from down to the fourth substrate

layer and eliminates high-frequency noise _'t the same time, facilitating comparisons with

the calculated curves. Ali subsequent comparisons of theory with experiment were done

with the filtered data, 2.0-16.5 ]_ for the [001] data, and 1.5-16.5 ]_ for the [001] data.

The MSSW calculations were performed with the same path-length difference cutoffs.

The comparison was based on an R-factor analysis, with optimum geometrical

parameters being obtained when a minimum R-factor, defined by

_[XE(k) - XT(k)]2dk
R = , (6)

f_r(k)2dk

was reached. Here E and T denote experiment and theory. The R-factors were calculated

over the k range 5.0-11.0 ]_-1.

lt would be ideal to search out a global minimum in a large parameter space by

varying ali the possible parameters simultaneously. Unfortunately, ali the nonstructural

and structural parameters together give too many variables to handle at one time. In early

ARPEFS analyses, this problem was simplified by varying one or two structural

parameters at a time, while most of nonstructural parameters were kept fixed. Because

some parameters are coupled, finding a global minimum by this approach can be elusive.

In the present study, an automatic routine was therefore used to search many more

parameters simultaneously with a reasonable number of iterations. Nom_ally, it took about

200-400 iterations to achieve a convergence of R-factors for searching about 5-9

parameters at a time. This routine started from an unreconstructed trial geometry with

physically reasonable boundaries. The structural parameters obtained by varying different

groups of parameters at a time with different initial guesses are very consistent, showing

that a minimum found in this way should be an absolute minimum. Some of the
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nonstructural parameters were also varied along with the structural parameters, improving

the accuracy of the structural parameters and allowing us to detect subtle changes in the

• surface structure.

No lateral substrate relaxation was included because of the c(2x2) structure of the

C1/Cu(001) system. We first optimized the following perpendicular distance parameters:

the C1-Cu(1) distance, the C1-Cu(2a) distance to the atopped-site second layer copper, the

C1-Cu(2o) distance to the uncovered-site second layer copper, the C1-Cu(3) distance, the

"Debye temperatures" of CI, in the parallel and perpendicular directions, respectively, the

emission angle (polar angle) and the inner potential V0. For convenience, we use a short

notation [001]-(110 K) for the [001 ] data at 110 K, and similarly for other data sets. The

C1-Cu(4) distance was optimized from the [001]-(110 K) data. Nonstructural parameters

such as the Debye temperatures, the emission angle and the inner potential affected the

extended fine structure more than did other nonstructural parameters, and they tended to be

correlated with the structural parameters. Thus, ali the major structural parameters and the

important nonstructural parameters were taken as variables in the automatic routine. The

emission angles were found to be < 1° off from 48° for the [011] data, and < 3° off the

normal for the [001] data. The inner potential for the optimum geometry was 10 + 2 eV,

and the experimental temperature was optimized to be 110 + 5 K. The structural

parameters obtained from the four data sets were consistent, especially for the data at

different temperatures with a given geometry. R-factor minima lay in the small range R =

• 0.06 - 0.15 in the various calculations.

The structural parameters determined from the above analysis are set out in Table I.

The C1-Cu(1) distance values lie within 0.01 /_ among the four data sets, and the C1-

Cu(2a) distances are larger than the C1-Cu(2o) distances within each data set. The R-factor
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minima were smaller for a given geometry at the lower temperature, due to the increased

signal to noise ratio.

The directional sensitivity of ARPEFS and the sensitivity of a given data set to each

structural parameter are displayed by two-dimensional error contour plots. Fig. 8 shows

contours for the [001]-(110 K) and [011]-(110 K) data, calculated by varying two

parameters, C1-Cu(1) and C1-Cu(2a), while other parameters were fixed in their optimum

values obtained previously. The [001] contour displays a very steep curvature when

varying the C1-Cu(2a) distance, indicating that the [001] data are more sensitive to C1-

Cu(2a), because there is a backscatterer Cu2a directly below C1 along the [001 ] direction.

The [011] contour shows a greater sensitivity to the C1-Cu(1) distance due to the existence

of a backscatterer in the first copper layer directly behind C1along the [011 ] direction. The

contours generated by varying C1-Cu(2a) and C1-Cu(2o) for the [001 ]-(110 K) and [011 ]-

(110 K) data are shown in Fig. 9. Not surprisingly, the [001] contour shows higher

sensitivity to the C1-Cu(2a) distance. However, a minimum along C1-Cu(2o) is still well

defined. The [011 ] contour exhibits a rather different shape, lt shows similar sensitivities

both to the C1-Cu(2a) and the C1-Cu(2o) distances with a relatively broad minimum,

because the difference between the scattering angles for the uncovered-site and atopped-

site copper atoms are not very significant, and the scattering amplitudes at these angles are

relatively low.

As pointed out in the Fourier analysis, scattering off the third and the fourth copper

layers makes significant contributions to the extended fine structure, especially for the o

[001]-(110 K) data. Fig. 10 shows comparisons of the [001]-(110 K) data filtered out to

20 A with the MSSW calculations at cutoffs in the path-length differences up to 10/_, 13

]k and 20/_. By visual observation, the MSSW calculations for the 10/_ and 13 /_

cutoffs, where the contributions from copper layers deeper than the third and fourth are
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excluded, respectively, do not adequately model the high frequency portion of the

experimental data, while the MSSW calculation up to 20 A path-length difference

compares more favorably. Here again, we demonstrate that the structural information

, from the deeper substrate layers is present in the extended fine structure and can be

successfully modelled by the MSSW calculation including the scatterers from those layers.

Figure 11 shows a contour for the C1-Cu(2o) and C1-Cu(3) distances for the [001]-

(110 K) data, which is more sensitive to the C1-Cu(3) distance than to the CI-Cu(2o)

distance. The relatively steep curvature with respect to C1-Cu(3) yields an accurate value

for this parameter. Figure 12 presents a contour for C1-Cu(3) versus CI-Cu(4). The

sensitivity to C1-Cu(3) is expected to be larger than to CI-Cu(4). Surprisingly, the

sensitivity for the CI-Cu(4) distance is still quite good. The 001-300K data set no large

Fourier peaks at path-length differences greater than 10 A (Fig. 4), and the C1-Cu(3)

distance derived from these data has a larger uncertainty. Thus, the lower temperature

ARPEFS data improve the accuracy of the structural parameters for the deeper substrate

layers.

2.3.3.3 Error Analysis

The error contour plots described previously indicate the relative sensitivity of a

given data set to a structural parameter. However, it is important in structural

" determinations to evaluate the errors associated with each structural parameter. There are

two kinds of error, statistical and systematic.

Statistical error analysis in non-linear least-squares fitting is based mainly on the X2

method,23, 28 where X2 is defined by
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_2=Z { 1.__[yj_Y(xj)] 2} (7)
j °j 2

We shall follow the universal convention and retain the symbol _ here, not to be confused

with _(k) or _(E). Here _j is the standard deviation of each data point Yj, Y(xj) is the

fitting function. A reduced 22 is given by:

_2
_v2 - (8)V '

with v = N - n - 1 representing the number of degrees of freedom, N the number of data

points, and n the number of fitting parameters. The optimum values of parameters are

obtained by minimizing Z2 with respect to each parameter, Pj, simultaneously. If the

variation of _2 with respect to each parameter is independent of the values of the others,

and the reduced Zv2 = 1, then the statistical error associated with each parameter can be

obtained from the curvature of the _2 parabola: that is, the standard deviation, Opj, of a

parameter Pj can be expressed as
2= 2

Opj _2_2/0pj 2 (9)

If _2 is a parabolic function, %2 = a P 2 + b, then

Opj2_ !- a " (10)

The procedure for extracting structural parameters by using the automatic search

routine can be considered as the non-linear least -squares fitting of theoretical )c(k)

functions to experimental data while optimizing several parameters simultaneously. No

correlations between the structural parameters were found from the shapes of the error

contour plots. Therefore, in principle, errors could be estimated by the )(;2method.

However, even for the best ARPEFS fit, tSe difference between theory and experiment

2 > 1 where _2 is the value at the minimumexceeds statistical expectations, and _Vrnin ' Vmin
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of the )_2 parabola. In this case, the standard deviation of a parameter can be modified by

multiplying t_pi2 with X2Vmin( - b/v) to get

" '.2 bqP - a v" (11)
J

Thus, the statistical errors are determined by the X 2 curvature a (the sensitivity to

parameters), its minimum value b (the quality of fits), and the number of degrees of

freedom v. Steeper curvature, smaller minima of the X2 parabola, and more degrees of

freedom give smaller statistical errors.

The parameters a and b in Eq. (11) have straightforward meanings, but v cannot be

evaluated so simply. The relation v = N-n-1 is valid only if the N data points are

independent. In a typical ARPEFS x(k) curve there may be 100 or more data points, but

the curve could be described by a substantially smaller number of points. The exact

number needed, Nmin, and therefore the values of v = Nmi n - n - 1 and o, can be estimated

in several ways, which yield slightly different results. In this work we use a method

based on a " spline-interpolation " step in the data analysis. This step is the interpolation

of the raw x(k) data onto an evenly-spaced mesh in k prior to Fourier transformation and

simulation. Nmi n is determined by reducing the mesh interval until the interpolated curvc

matches the raw data "curve" within the standard deviation c_j of each data point.

Application of this method to the present 110 K curves yielded Nmin([001]) - 48 and

Nmin([011]) - 40. This difference was expected because for [00li the x(k) curve shows

more structure.

In summary, the statistical error _pj in a given parameter Pj depends upon v,

varying as v -1/2 [Eq. (11)]. We note that other methods of estimating v might give

somewhat different results. However, even a factor of 2 difference in v would only

change the statistical error estimate by "4-2. We therefore believe that this analysis gives a

satisfactory estimate of the statistical error.
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Table I lists, in columns 2-5 ( upper panel ), the statistical errors (standard

deviations ) of each parameter for the four data sets, determined as described above.

Column 6 gives the average value of each parameter determined by suitable weighting of

the values in columns 2-5, using standard statistical methods.

Scatter in the values of each derived parameter, among the four data sets, can also

be used to estimate the standard deviation in the mean value. In fact, if we did not already

have a good estimate of our statistical Opj, this would be our _ way to assess them.

While four values cannot simulate a Poisson, let alone a Gaussian, distribution, use of the

"scatter" equation,

m

2

o. = 1/4 _ ( Pji- Pj ) 2 (12)J i

gives an indication of the error to be associated with scatter in the derived values, per se.

Column 7 in Table I lists the simple averages of the derived parameters, taken from

columns 2-5, together with standard deviations determined from Eq. (12).

The close agreement between the derived values of parameters in columns 6 and 7,

in which the statistical errors were estimated in very different ways together with the small

standard deviations, reinforces our belief that the statistical uncertainty in these parameters

is quite small. Column 8 lists our best values for these parameters, which we take as the

values in column 6 - clearly preferred because the individual value from which they are

derived are weighted - and the errors from the larger of those in columns 6 and 7. lt seems

inescapable that systematic errors contribute to the scatter of the derived parameter values,

and we believe that this effect shows up in the generally larger errors in column 8.

Conversely these errors probably give a reasonable estimate of the uncertainties due to

combined statistical and systematic errors, with one exception, discussed below. We can
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estimate the uncertainty due to these systematic errors, which might include the effect of

misalignment, background evaluation errors, etc., from the differences between the mean

values in columns 6 and 7. By this criterion, these systematic errors are also quite small.

The above discussion of systematic errors should apply to errors which lead to

random scatter in the results. If there are also other systematic errors present which bias

the derived parameter values either high or low, such errors will of course not show up

even in column 7.

We cannot identify any systematic errors in the measurements that would bias the

derived interatomic distances high or low. Path-length differences are most closely related

to the electron's momentum vector k, which follows from the kinetic energy. There are

always experimental errors, but no bias, associated with these parameters.

The theoretical modelling process could in principle introduce bias, by

systematically over- or under- estimating a non-structural parameter such as the crystal

potential V0 or the scattering phase shift _j. We note that, in contrast to EXAFS, for

which a shift A R arises from the source-atom phase shift ( and is evaluated using model

compounds), there is no source-atom phase shift in the ARPEFS scattering process

because of cancellation: the direct and scattered waves both leave the source atom only

once. As for V0 and Oj, we know of no reason to expect a large bias in R values from

these parameters.

Finally, the theoretical modelling process could introduce bias by omitting a

physical process. Our candidate here would be dynamic screening changes as the source

atom decays by an Auger cascade which the photoelectron is still close. The integrated
I

effect might vary monotonically with k, introducing some bias. Consideration of such

processes might be a fruitful topic for theoretical study, but to attribute a systematic error

based on present knowledge would be too speculative.
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In summary, we find no evidence for error sources that would systematically bias

our results, and we therefore quote as our best values and standard deviations the values

given in column 8 of the table I. In comparing these results, especially the errors, with

values derived from other studies, caution should be exercised, because the quoted errors

a,'e often not standard deviations. In electing to quote standard deviations, which vary in

our results from 0.003 A to 0.033 A, we have sought to retain this variation, and have

eschewed the temptation to quote ali errors as ca. + 0.02 A, in hopes of advancing a more

quantitative approach to estimating errors.

2.3.3.4 Results

The best fits to the experimental x(k) curves are shown in Figs. 13 and 14 for the

[001] and [011] data, respectively. Agreements between the theoretical and experimental

curves are excellent. Figure 15 shows the top and side views of the c(2×2)Cl/Cu(001)

structure, labelling the layer spacing for which fitted values are listed in Table I. The CI-

Cu(1) distance of 1.604(5) A, fits with a C1-Cu bond length of 2.416(3) A. The CI-

Cu(2a) distance of 3.453(11) A then gives a Cu(1)-Cu(2a) distance of 1.849(12) A,

shov';.=g an expansion from the bulk value (1.807/_), while the CI-Cu(2o) distance of

3.412(21) A yields a Cu(1)-Cu(2o)distance of 1.808(21) A. The difference between CI-

Cu(2a) and C1-Cu(2o) of 0.041 (24) A reveals a small corrugation of the second copper

layer. Furthermore, the C1-Cu(3) and C1-Cu(4) distances were found to be 5.222(25) A

and 7.023(22) A, respectively, giving the Cu(3)-Cu(4) distance of 1.801(33) A and

Cu(2o)-Cu(3) distance of 1.810(33) A, in good agreement with the bulk spacing. By

difference, the Cu(2a)-Cu(3) distance of 1.769(27) A shows a contraction from the bulk

value. The magnitude of this contraction in Cu(2a)-Cu(3) is approximately equal to that of
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the expansion in Cu(1)-Cu(2a). Assuming the fourth copper layer is in the bulk position,

from the bulk-like spacings of Cu(3)-Cu(4) and Cu(2o)-Cu(3), we infer that the third layer

and uncovered-site second-layer copper atoms must also lie in the bulk positions.

2.4 Discussion

The distance CI-Cu(1) of 1.604(5)/_ obtained from the ARPEFS study is in

excellent agreement with the LEED result, 1 but not with the SEXAFS result of 1.53

/_,.2,17 We have calculated _(k) curves based on this SEXAFS value for the C1-Cu(1)

distance and the other parameters as obtained from the current ARPEFS study. These

curves are compared with two experimental x(k) curves in Fig. 16, to test the sensitivity of

ARPEFS to the CI-Cu(1) parameter. By visual inspection, the agreement is very poor; the

R-factors are about 3 and 5 times larger than those for the [001] and the [011] ARPEFS

optimum geometries, respectively. There are large shifts between the theoretical and

experimental curves for the [011] geometry, but not so much for the [001] geometry,

because scattering from the Cu2a atom dominates the [001] _(k) curve. In these fits, the

inner potential V0 was optimized to be -- 10 eV from previous studies. 5,27 Even if a larger

value of 15 eV was used in an effort to reduce the shifts for the [011] geometry, the

agreement is still poor. lt is also of interest to compare the C1-Cu bond length as obtained

from SEXAFS and ARPEFS, because this is the parameter which SEXAFS measures

" most directly. From Table I, we note that the SEXAFS value of 2.37(2)/_ is only 1.9 %

below what we believe to be the correct value of 2.416(3)/_: quite close by even fairly

recent standards of surface structure determinations.

Since the third copper layer remains in the bulk position, by subtracting the bulk

interlayer spacing twice from the C1-Cu(3) distance of 5.222(25)/_, we can determine the
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distance of C1above the bulk-extrapolated first copper layer to be 1.608(25)/_, in exct ',lent

agreement with our C1-Cu(1) distance of 1.604(5) ]k with the surface reconstruction taken

into account, and the result 1.60(4) /_ obtained from the x-ray standing wave

measurement. 17 Therefore, we conclude that there is no outward relaxation of the first

copper layer, contrary to the results of Patel et al. 17 However, it has been shown that

there was indeed an expansion of the topmost interlayer substrate spacing from three

different techniques: ARPEFS, LEED, and SEXAFS. This expansion is mainly due to the

downward relaxation of the second copper layer, based on the facts that there was no

relaxation of the first copper layer and there was a contraction in the Cu(2a)-Cu(3)

distance. This demonstrates that the lower temperature ARPEFS study can probe

relaxation of not only the first substrate layer but also deeper layers relative to the bulk

positions. Hopefully, the results obtained from this work can provide some experimental

guidance for the theoretical work on adsorbate-induced relaxations.

Studies on the clean Cu(001) surface 29,30 showed a (1.1 + 0.4) % contrac.'ion of

the topmost interlayer spacing, while both LEED (Ref. 1) and this work showed an

expansion of about 2% when CI adsorbs on the clean surface, as compared with the bulk

spacing, giving an expansion of about 3% with respect to the spacing of the clean Cu(001)

surface. The (1.1 + 0.4) % contraction of the clean surface resulted mostly from the

inward movement of the first copper layer relative to the bulk position, according to a

theoretical study. 31 Thus, with adsorption of CI on the clean surface, the outward

movement of the first copper layer and the downward movement of the second copper

layer lead to a 3% expansion between the first and the second copper layers. Furthermore,
m

the ARPEFS study revealed a small corrugation of the second copper layer, not observed

by other techniques. This corrugation is understandable because atoms in the even
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substrate layers are in t_vo symmetry-inequivalent atomic sites relative to the adatom¢ for

the c(2x2) structure.

- The occurrence of the corrugation and expansion induced by the adsorption of CI

• indicates that chemical bonding between the adsorbate and the substmte atoms modifies the

surface and near-surface structure, inducing relaxation of the substrate layers. The

: mechanism of the relaxation may be very complicated, but we propose a simple physical

picture. The metal-metal bond weakening induced by adsorption is probably the main

factor in causing the expansion of the topmost interlayer spacing. In the case of

ci 2×2)C1/Cu(001), the expansion due to metal-metal bond- weakening is expected to affect

the atopped-site atoms directly below C1 more than the uncovered-site atoms, causing

corrugation of the second copper layer, where the atopped-site atoms are displaced further

away fi'om the adsorbate. This kind of corrugation has been observed in other systems

studied by ARPEFS.27, 32 In addition, a recent LEED study on c(2×2)O/Ni(001)(Ref.

33) showed a similar corrugation and an even larger expansion of the second substmte

layer. In the O/Tqi(001) system, the adsorbate O sits much closer to the metal substrate

surface than the C1 atom, yielding a stronger interaction between the adsorbate and the

metal substrate surface. A more complete understandir, g of the substrate surface

relaxation induced by adsorbates would require a better knowledge of the nature of the

surface chemical bonding.

2.5 Conclusion

We have presented a detailed study of the c(2x2)C1/Cu(001) adsorption-geometry

and substrate surface relaxation using low-temperature ARPEFS. Fourier analysis and the

multiple-scattering spherical-wave (MSSW) analysis were applied in this study. Fourier



48

analygis yielded the adsorption site and the qualitative structural information, based on

interpreting the features in the Fourier spectra with a single scattering model. Multiple-

scattering analysis yielded more quantitative structural information by comparing the

experimental data with the MSSW calculations based on the R-factor analysis. We

conclude that the CI atom adsorbs in the four-fold hollow site 1.604(5) A above the first

copper layer, giving a C1-Cu bond length of 2.416(3) ,/k, in excellent agreement with the

LEED result.1 We have also observed that there is a 2% expansion of the separation

between the first copper layer and the second atopped-site copper layer, and a small

corrugation of the second copper layer where the atopped-site copper atoms are further

away from the adsorbate C1 atom.

Real features in the Fourier spectra of the lower temperature data can be seen at path-

length differences greater than 15 A. The experimental data can be successfully modelled

by the MSSW calculations by considering the path-length differences up to 16.5/_. The

lower temperature ARPEFS study has provided accurate near-surface structural parameters

for the deeper substrate layers, 5.222(25) A for the distance of C1to the third copper layer,

7.023(22) A for the distance of C1 to the fourth copper layer, yielding a bulk-like interlayer

spacing between the third and the fourth copper layers. More significantly, no relaxation

of the c(2×2)Cl-covered first copper layer with respect to the bulk position has been

observed from the accurate near-surface structural information in the current work, which

is inconsistent with the previous result obtained with a combination of the x-ray standing

wave and SEXAFS techniques. 17 Instead, the downward relaxation of the second

atopped-site copper layer results in an expansion of the topmost interlayer spacing, while

the second uncovered-site copper layer remains in the bulk position.

We have demonstrated that low-temperature ARPEFS can probe deeper substrate

layers, where information about the substrate surface relaxations relative to the bulk
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positions can be obtai_ted. Therefore, low-temperature ARPEFS holds the promise to

completely and accurately map out surface and near-surface structures for adsorbate

• systems.
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Figure Captions

FIG. 1. A side view of the c(2×2)C1/Cu(001) structure with the experimental

geometries. The emission directions are labelled as [001] and [011 ], while the

photon polarization vectors associated with each geometry are labelled as
^ A

el001] and el011], respectively. The larger circles represent the copper atoms.

The open circles are in the same plane as the C1 atoms, while the shaded circles

lie in planes above and below the paper.

FIG. 2. Experimental _(E) curves for the [001] geometry. The curve with solid dots is

)_(k) at 300 K, and the heavier curve is )_(k) at 110 K.

FIG. 3. Experimental z(E) curves for the [011] geometry at two temperatures, as in

Fig. 2.

FIG. 4. Fourier spectra for the [001 ] geometry at two temperatures, 110 K and 300 K,

respectively. Each numbered peak is associated with a scattering path-length

difference for a numbered atom in the inset.

FIG. 5. Fourier spectra for the [011 ] geometry at two temperatures, 110 K and 300 K,

respectively. Each numbered peak is associated with a scattering path-length

difference for a numbered atom in the inset.

FIG. 6. Adsorption site determination for the [001] geometry at two temperatures. The

experimental curves (solid lines) are compared to the MSSW calculated curves

(dashed lines) for three unreconstructed adsorption geometries (atop, bridge,

and four-fold hollow). The experimental data most closely resemble the four-

fold hollow calculations at both temperatures.
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FIG. 7. Adsorption site determination for the [011] geometry at two temperatures. The

notation is similar to Fig. 6. The experimental data most closely resemble the

- four-fold hollow calculations at both temperatures.

FIG. 8. R-factor contours of C1-Cu(1) vs. C1-Cu(2a) for the [001 ] and [011 ]

geometries at 110 K. For each contour, ali the other parameters are kept at

their optimum values. The minimum value of the R-factor is 0.11 for the [001]

geometry and 0.07 for the [011 ] geometry. The inner most contour line

corresponds to an R-factor of 0.20 for the [001 ] geometry and 0.10 for the

[011 ] geometry. The contour interval is 0.10. The position of the R-factor

minimum is marked by "+", where the size of this mark represents the

statistical error for each parameter (see Section 2.3.3.3).

FIG. 9. R-factor contours of C1-Cu(2a) vs. C1-Cu(2o) for the [001 ] and [011 ]

geometries at 110 K, as in FIG. 8. The minimum value of the R-factor is 0.11

for the [001] geometry and 0.07 for the [011 ] geometry. The contour interval

between solid curves is 0.10.

FIG. 10. Illustration of ARPEFS path-length sensitivity beyond 10/_ The 20/_,

calculated curve models the high frequency structure of the data very weil,

while the 10/_ and 13/_, curves do not.

FIG. 11. R-factor contours of C1-Cu(2o) vs. C1-Cu(3) for the [001] geometry at 110 K.

The minimum value of the R-factor is 0.11 with a contour interval of 0.05, and

• the inner most contour line corresponds to R = 0.15.

FIG. 12. R-factor contour of CI-Cu(3) vs. CI-Cu(4) for the [001] geometry at 110 K,

similar to Fig. 11.
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FIG. 13. The best fits of the MSSW calculations (dashed curves) to the filtered (16.5 Ii)

ARPEFS data (solid curves) for the [001] geometry at two temperatures, 110

K and 300 K.

FIG. 14. The best fits of the MSSW calculations (dashed curves) to the filtered (16.5/_)

ARPEFS data (solid curves) for the [011 ] geometry at two temperatures, 110

K and 300 K.

FIG. 15. Top and side views of the c(2x2)C1/Cu(001) structure. The side view (lower

panel) corresponds to a cut in the plane shown the broken line in the top view

(upper panel), while D 1, D2o, D2a and D3 represent the perpendicular

distances of C1-Cu(1), C1-Cu(2o), C1-Cu(2a) and CI-Cu(3), respectively, as

described in the text.

FIG. 16. Comparisons of the filtered (16.5/_,) ARPEFS data (solid curves) to the

MSSW calculations (dashed curves) for the [001] and [011] geometries at 110

K. The MSSW curves are calculated with a C1-Cu(1) distance of 1.53/_ as

obtained from a previous SEXAFS study, while ali the other parameters are

kept fixed at their optimum values.
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a.

Chapter 3

Surface Structure of _/3x_/3 R30 °
Cl/Ni(lll) Determined Using Low-

Temperature ARPEFS

Abstract

A surface structural study of the ,_r3x,/3 R30 ° C1/Ni(111) adsorbate system was

made using low-temperature angle-resolved photoemission extended fine structure

(ARPEFS). The experiments were performed along two emission directions, [1111 and

[110], and at two temperatures, 120 K and 300 K. The multiple-scattering spherical-wave

(MSSW) analysis determined that the CI atom adsorbs in the fcc three-fold hollow site,

1.837(8) A above the first nickel layer, with a C1-Ni bond length of 2.332(6) A, and an

" approximate 5% contraction between the first and the second nickel layers (the errors in

parentheses are statistical standard deviations only).
m
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3.1 Introduction

Adsorbed atoms or molecules frequently cause relaxations of substrate surfaces.

However, the understanding of adsorbate-induced substrate surface relaxation requires
,i

accurate and detailed surface and near-surface structural information. Angle-resolved

photoemission extended fine structure (ARPEFS) 1-5 has proven to be a powerful tool in

this regard.

ARPEFS is the angle-resolved and energy-dependent form of photoelectron

diffraction due to the final-state interference between the direct and the scattered

photoelectron waves. 6 Fourier transformation of the extended fine structure provides

direct and qualitative structural information. However, the more quantitative structural

analysis requires multiple-scattering spherical-wave (MSSW) theory. 7 With a MSSW

level analysis, effects as subtle as small corrugation and relaxation near the substrate

surface can be charactcAzed. Because thermal effects (larger mean-square-relative atomic

displacements) reduce the amount of structural information present in the fine structure,

cooling the lattice effectively extends the range of ARPEFS to deeper layers. Recent

studies5, 8 have shown that the adsorbate geometry and the substrate relaxation can be

determined more accurately by using low-temperature ARPEFS. In this chapter, we

employ low-temperature ARPEFS to study the ,/3x,or3 R30 ° CI/Ni(111) system.

There are several published reports of structural studies of halogen atoms on metal

surfaces. For example, the c(2x2) C1/Cu(001) system has been studied by several V

groups. 5,9-11 However, there are few studies of halogen atoms on fcc (111) surfaces. In

SEXAFS study of ._]-_×,_r-_R30 o C1/Cu(111), D.P. Woodruff et al. 12were unable to obtain

accurate distances beyond the first-nearest neighbors, or to distinguish the two different

three-fold hollow adsorption sites of the fcc (111) surface. However, these two
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inequivalent hollow sites were distinguished in their photoelectron diffraction study, where

only the distance from C1 to the first substrate layer was given. Since ARPEFS has high

. directional sensitivity, the different substrate atoms can be emphasized by choosing

different emission geometries. Thus, ARPEFS can clearly distinguish between two kinds

of three-fold adsorption sites. In our study, we use low-temperature ARPEFS to

determine the adsorption site as well as to obtain an accurate distance to the second

substmte layer for the ._r-_×q-_R30 o C1/Ni(111) system. Interestingly, H. Kuroda et al. 13

recently reported a study of the same CI/Ni(111) system using combination of SEXAFS

and the x-ray standing-wave method. They found that no substrate surface relaxations in

the q-3×q-3 R30 ° C1/Ni(ll 1), as opposed to the p(2×2)S/Ni(111) 14 where a significant

contraction of 15% was observed with respect to the bulk spacing. Thus, their study

offers an opportunity to compare the structural results obtained from different techniques.

This chapter is organized as follows. Section 3.2 gives the experimental details

and the procedures of data collection and reduction. Section 3.3 describes two types of

analysis: Fourier and multiple-scattering analysis, and present results. Section 3.4

discusses and compares the results. A summary and conclusions are given in section 3.5.

3.2 Experimental

The experiments were performed on Beamline X24A 15at the National Svnchrotron

. Light Source at Brookhaven using a Ge(111; ._ouble-crystal monochromator. The C1 ls

photoemission spectra were taken in the kinetic energy range from 50 to 550 eV, with
e

photon energies from 2870 to 3370 eV. The resolution of the double-crystal

monochromator was approximately 1 eV through this photon energy range. Data were

collected with a rotatable hemislzherical electrostatic analyzer 16 which has the eaergy
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resolution of- 1 eV FWHM under the operating conditions of 160 eV pass energy, and

the angular resolution of the h_put lens of +_3°. The experimental chamber was equipped

with a four-grid LEED/Auger systems, an ion gun, and an effusive beam doser for

introducing chlorine gas.

A nickel single crystal was cut, oriented to within +_1° of the (111) direction as

, determined by Laue backscattering, then mechanically polished and chemically etched.

Since the fcc (111) crystal lacks two-fold symmetry, it is hard to tell the crystal azimuthal

orientation from the p(lxl) LEED pattern. Thus, several Laue pictures were taken at

different x-ray incident directions along the fixed crystal axis to define the azimuthal

orientation of the crystal. The final finished crystal was attached to a Ta sample plate

mounted on a high-precision manipulator with a liquid nitrogen cooling system. Sample

heating was accomplished by electron bombardment from a tungsten filament located

behind the sample plate. The temperatures were measured by a chromel-alumel

thermocouple attached to the sample plate next to the sample. The nickel crystal was

cleaned by repeated cycles of Ar + ion sputtering and annealing to about 880 K. This

procedure was sufficient to remove ali impurities except carbon. Carbon was then

removed by heating the crystal to 770 K after exposure to l x 10-8 torr of oxygen for

several minutes. The crystal was taken as clean when AES showed no detectable traces of

carbon, nitrogen, oxygen, or sulfur contamination and a sharp p(1 xi) LEED pattern was

observed. The chamber pressure was about 3x10 -10 torr during measurements. Because

chlorine exposure to a clean Ni(1 11) surface produces a sequence of LEED patterns with

superstructures, and a sharp _f3x-,f3 R30 ° LEED pattern is stable within a relatively small

exposure range corresponding to - 0.2 L, the ,,]-33x-f.3R30 ° C1 overlayer preparation was "

done carefully in several steps. A sharp ,f_3x_3 R30 ° CI overlayer LEED pattern was

produ¢'ed by dosing C12th:ough an effusive beam doser at room temperature for a total of
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4-5 minutes with the main chamber pressure at -- lxl0 -9 torr. This was followed by a 350

K annealing for two minutes to dissociate C12completely into atomic C1.

" The experiments were carded out along two emission directions, [111 ] and [110],

and at two temperatures, 120 + 5 K and 300 K. These four sets of ARPEFS data were

taken on separately prepared samples. The sample was flashed to about 350 K every 6-9

hrs during data collection, and more often for the low-temperature measurements. The

crystal orientation angle for each geometry was determined by a He-Ne laser

autocollimation through the experimental chamber viewports with an accuracy of + 2°.

The experimental geometries are shown in Fig. 1. For the normal [111] geotnetry,

photoelectrons were collected along the surface normal with the photon polarization vector

35 ° from the surface normal toward the [1i2] direction, while for the offnormal [110]

geometry, the emission direction and photon polarization vector are co-linear along the

[110] direction. These two geometries were chosen to highlight nearby backscattering

atoms, utilizing the directional sensitivity of ARPEFS. The [111] geometry can determine

interlayer spacings effectively, while the [110] geometry was selected to emphasize the

nearest-neighbors along the [110] direction.

For each emission geometry at a given temperature, a series of photoemission

spectra was collected over a 50-550 eV kinetic energy range in equal electron wave-

nmnber increments of 0.08 _-1. Each photoemission spe_ztrum was centered on the C1 ls

photoelectron pe_, with an energy window of 25 - 30 eV. The experimental ba::kground

- consisted of three photoemission scans covering the kinetic energy range of 40-560 eV.

Each scan was ta.ken at a different photon energy so that the CI 1s photoemission peak lay

about 10 eV below the lowest kinetic energy in each spectrum. This experimentally

measured background was used in the least-square fitting for the normalization of each

photoemission spectrum to compensate for the inhomogeneous photon flux and the
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electron analyzer transmission function. The photoemission intensity was extracted by

least-square fitting of each photoemission spectrum with three functions: a Voigt function

to model the core-level photoelectron peak, a Gaussian convoluted with a step function (G

step) to describe the inelastically-scattered electrons associated with the photoelectron
i

peak, and an experimentally-measured background to account for other inelastic scattering

processes. The detailed procedures have been described previously. 5

In analogy to EXAFS, the total normalized photoemission intensity I(E) as a

function of kinetic energy E is composed of a slowly varying atomic-like portion and a

rapidly oscillating contribution due to the interference effects of electron scattering from

neighboring ion cores. I(E) can be described as:

I(E) = [x(E) + 11I0(E) , (1)

where I0(E) is a slowly varying atomic-like function and z(E) is the oscillatory interference

function which can be determined by removing the slowly varying function I0(E) from the

total photoemission intensity I(E):

)_(E)- I(E)- lo(E)I0(E) (2)

The experimental x(E) curves are shown in Fig. 2 for the [111] and [110] data at

two temperatures, 120 K and 300 K, resFectively. The I0(E) was fitted with simple low-

order polynomials for constructing x(E) curves. We can see from Fig. 2 that the

oscillation amplitudes of z(E) at the lower temperature are enhanced as compared with

those at room temperature. The oscillation patterns are matched well at the two
q

temperatures.

For Fourier data analysis, it is necessary to convert z(E) to z(k). The

photoelectron kinetic energy E measured outside the solid is related to the wave-number k

of the photoelectron inside the solid by the De Broglie relation:
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k=ti -l_2me (E + V0) , (3)

where me is the electron rest mass and V0 is the inner potential of the solid. The value of

" V0 is typically about 10 eV, but the exact value is unknown. The V0 is therefore treated as

an adjustable parameter in the fits.

3.3 Analysis and Results

Structural information can be extracted from the experimental x(k) curves in two

ways: by Fourier analysis and by multiple-scattering spherical-wave (MSSW) analysis.

We first treat the data by Fourier analysis to obtain qualitative structural information such

as adsorption site and approximate geometric parameters. MSSW calculations are then

required to obtain quantitative structural information.

3.3.1 Fourier Analysis

Using the single-scattering model of ARPEFS 6, the expression for x(k) can be

written as

c°s[_i e-ARj/_ cos[kRj (1-cos0j) + _j]. (4)
Jf(0j)l e-Cj2(1-cos0j)k 2

)_(k) = 2 cos_' Rj
J

The summatic_n is over all atoms ne_u the adsorbed "source" atom from which core-level

photoemission originates. Here [3jis the angle between the photon polarization vector and

. the vector connecting the emitting atom and the j th scattering atom, Rj is the distance from

the photoemitter to the j th scattering atom, and ], is the angle between the emission

direction and the photon polarization vector. The k-dependent complex scattering factor
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f(0j) for a given scattering angle 0j _.an be divided into the magnitude If(0j)l and the phase

_j. The emission-angle dependent path-length difference is given by A Rj = Rj (1-cos0j).

The temperature effect is introduced as a Debye-Waller factor, where (Yj is the mean-square

relative displacement (MSRD) between the photoemitter and the j th scattering atom,

projected on the photoelectron momentum change direction. Inelastic losses due to

excitation of plasmons and electron-hole pairs by the energetic photoelectron are

incorporated in an electron mean-free path )_.

The cosinusoidal dependence of the )_(k) function permits a Fourier

transformation, yielding an amplitude spectrum peaked near various scattering path-length

differences. Fourier spectra for the [111] and [110] data at the two temperatures are given

in Fig. 3. V0 value of 10 eV was used. Forward (0j = 0 °) and backward (0j = 180°)

scatterings give the strongest signals: the strong feature at a path-length difference "-4.6

in the [ 110] direction arises from a nearest-neighbor Ni atom located directly behind CI

along the [110] direction, at a C1-Ni bond length of ""2.3/_. Atop and bridge adsorption

sites are excluded because they have no backscattering atom along the [110] direction to

give the strong peak at ~ 4.6/_. However, there are two different three-fold hollow

adsorption sites, which are called the fcc and hcp sites, respectively. The fcc sites are

directly above atoms in the third substrate layer, while the hcp sites are directly above

atoms in the second substrate layer. Figure 4 illustrates that one of the nearest-neighbor Ni

atoms lies behind the C1 atom along the [110] direction in the fcc site, but not in the hcp

site. Therefore, the strong Fourier backscattering peak in the [110] direction indicates that o

the fcc three-fold hollow site is the one occupied in the -,]-3x.q3R30 ° C1/Ni(111) system.

Furthermore, the two peaks at " 7.6/_ and " 9.1/_ in the [110] direction can be attributed

maSnly to scattering from the atoms in the second Ni(110) plane, while the first peak at ""
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2.5 A in the [110] direction, corresponds to scattering from two nearest-neighboring atoms

symmetrically located at either side of the plane containing the [111] and [110] directions.

° Fourier spectra in the [111] direction show two peaks at "-"3.9 A and "-7.8 _. The

first peak is due to scattering from the three nearest-neighboring atoms in the first Ni layer,
Ii

while the second peak corresponds to scattering from the three third-nearest neighbor

atoms in the second Ni layer. Thus, the normal emission data suggest that we can

determine the distance of C1 to both the first and second Ni layers, providing information

about the substrate surface relaxation.

3.3.2 Multiple-Scattering Analysis

ARPEFS studies 1-5have shown that the detailed quantitative geometric structures

can be obtained by comparing experimental %(k) curves with theoretical calculations based

on multiple-scattering spherical-wave (MSSW) theory 7, which comprehensively describes

the ARPEFS scattering process. The MSSW calculation requires as input both structural

and non-structural parameters. The copper and chlorine phase shifts were available from

previous calculations.5,17-18 The mean free path was included in an exponential factor,

e-r/L, with _. = ck and c = 0.75. Thermal effects were treated using a correlated Debye

model which included surface-layer dependent and anisotropic mean-square relative

displacements (MSRD). 7 The nickel bulk Debye temperature was taken as 390 K, while

. the nickel surface Debye temperature was set to 276 K, which assumes that the surface

nickel atoms have an MSRD twice as that of the bulk. The Debye temperature for the CI

overlayer was estimated to be 355 K from the nickel surface Debye ten:perature adjusted

for the difference in masses. Surface Debye temperatures for both CI and Ni were,

however, varied in the calculations based on the above estimated value::; In addition, the
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emission and polarization angles (+ 3°), the experimental temperature (120 + 10 K) and the

inner potential (10 + 5 eV) were allowed to vary in the calculations.

First, both the [111] and the [110] experimental )_(k) curves at the two

temperatures were smoothed by Fourier filtering out the high-frequency portion of the data

(path-length differences larger than 10.0/_). Thus, the cutoff at about 10.0 A eliminates

high-frequency noise and retains ali the real signals from down to the second substrate

layer. Also, the cutoffs below 1.8-2.0/_, were made due to uncertainties of the low

frequency portion of the data. Ali subsequent comparisons of theory with experiment

were done with the filtered data, 2.0-10.0/_ for the [111] data, and 1.8-10.0 _ for the

[110] data. The MSSW calculations were performed with the same path-length difference

cutoffs.

The fcc three-fold adsorption site had already been determined for the "_x,_r-3 R30 °

C1/Ni(111) system from the Fourier analysis above. Comparisons of the MSSW

calculations with the experimental data confirm this result. The x(k) curves for two

different three-fold adsorption geometries (fcc and hcp) were calculated using the bulk Ni

spacing (2.03/_,) with a C1-Ni bond length of 2.3 A estimated form the Fourier analysis.

Figure 5 shows the comparison of the calculated x(k) curves with the experimental data for

the [111] and [110] directions at 120 K, respectively. By visual inspection, the calculated

curve in the [110] direction for the fcc site unambiguously resembles the experimental data

more than that for the hcp site, while in the [111] direction, it is not clear which calculated

x(k) curve more closely resembles the experimental data. Since there is a backscattering

atom near the photoemitter for the fcc site, but not for the hcp site ira the [110] direction,

the calculated %(k) curve for the hcp site has rather different features and weaker amplitude

as compared with that for the fcc site. Thus, MSSW calculations provide strong evidence

to support the fcc three-fold site, consistent with the Fourier analysis. However, there are
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still large differences between the experimental x(k) curve and the calculations for tile fcc

site using nonoptimized geometrical parameters. This suggests possible substrate surface

• relaxation in the ,J-3x-,]-3R30 ° CI/Ni(111) system.

To derive a detailed quantitative structure, we optimized both structural and
i

nonstructural parameters to achieve the best agreement between the theory and the

experiment. An R-factor (reliability-factor) was used as a quantitative measure of the fit

between the experiment and the theory. The optimum geometrical parameters were

obtained when a minimal R-factor defined by

_[)CE(k) - XT(k)12dk
R = , (5)

S_T(k)2dk

was reached. Here E and T denote experiment and theory. The R-factors were calculated

over the k range 5.2-11.2 ]k-1.

In recent ARPEFS studies,5, 8 an automatic routine was successfully used to search

many parameters simultaneously with a reasonable number of iterations. The detailed

procedure of this routine has been described previously. No lateral substrate relaxation

and no corrugation of the second substrate layer were considered because of the _/-3×_

R30 ° structure of the C1/Ni(111) system. The experimental data were fitted with two

structural parameters: C1-Ni(1), the vertical distance of C1 to first Ni layer, and C1-Ni(2),

the vertical distance of C1 to second Ni layer, while other nonstructural parameters such as

" electron emission angles, adsorbate and substrate surface Debye temperatures, the

experimental temperature, and the inner potential were treated as adjustable parametersI

with reasonable initial guesses and bounds. The emission angles were found to be < 3°

from the expected values for ali the data sets. The inner potential for the optimum
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geometry was 10 + 2 eV, and the experimental temperature was optimized to be 120 + 5

K. R-factor minima lay in the small range R = 0.05 - 0.13 in the various calculations.

The structural parameters determined from the best fits are listed in Table I, with

statistical errors in parentheses. The error associated with each parameter was estimated as

described in our previous study. 5 The best fits of the MSSW calculations to the filtered

(10.0/_) experimental x(k) curves are shown in Figs. 6 and 7 for the [111] and [110]

geometries at the two temperatures, respectively. Agreements between the theoretical and

experimental curves are excellent. From Table I, we can see that the structural parameters

obtained from the four data sets were consistent, especially for the data at different

temperatures with a given geometry. There are larger errors for the C1-Ni(2) parameter in

the [110] direction than those in the [111] direction, showing different sensitivity of a

given data set to each structural parameter due to the directional sensitivity of ARPEFS.

Figure 8 shows R-factor plots for the [111] and the [110] geometries at the two

temperatures, calculated by varying the C1-Ni(1) and C1-Ni(2) distances, respectively,

while other parameters were fixed in their optimum values. The R-factor curvature for the

C1-Ni(2) distance in the [111 ] direction is steeper than that in the [1101 direction, giving

smaller error bars for the C1-Ni(2) distance in the [111 ] geometry. Moreover, the R-factor

minima were smaller for a given geometry at the lower temperature, due to the increased

signal to noise ratio. The interlayer spacing between the first and the second Ni layers can

thus be detennined more accurately from the analysis of the low-temperature [111] data.

The top and side views of the ,fjx-,J-j R30 ° CI/Ni(111) structure are shown in Fig.

4. From Table I, the CI-Ni(1) distance of 1.837(8) /_ gives a CI-Ni bond length of

2.332(6) tk. The C1-Ni(2) distance of 3.763(7) _ then yields interlayer spacing between

the the first and the second Ni layers Ni(1)-Ni(2) of 1.926(11) A, showing an approximate

5 % contraction from the bulk value of 2.03 _.
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3.4 Discussion

" The vertical distance of CI to the first Ni layer CI-Ni(1) of 1.837(8)/_ obtained

from this study is 0.08 ,/k smaller than the recent SEXAFS study 13 by Kuroda et al. This

difference is beyond the standard error of each of the two techniques. However, studies

on the p(2×2)S/Ni(ll 1) system using several different techniques also showed rather

different results for the vertical distance of S to the first Ni layer S-Ni(l), ranging from

1.40 to 1.66/_.14,19-22 For example, a SEXAFS study 14 by the same group gave the S-

Ni(l) distance as 1.66 ./k, while a LEED study 19 by Mitchell et al. showed a distance of

1.50/_, a 0.16/_ difference. Furthermore, a recent low-temperature ARPEFS study 8 on

the same system found the S-Ni(l) distance of 1.54/_, which is closer to the LEED study.

We can see that the distances of adsorbate to the first substrate layer from SEXAFS studies

on both p(2x2)S/Ni(111) and -_/3x4-3R30 ° C1/Ni(111) systems tend to be larger than the

results obtained from LEED and ARPEFS studies. This suggests some sort of unknown

systematic errors among these techniques. With recent improvements in the quality of data

and analysis, it now appears that ARPEFS, LEED, and SEXAFS may be inherently

capable of yielding structural parameters of high precision: + 0.01 - 0.02/_ in the case of

ARPEFS, for example. If the remaining discrepancies among the three methods arise

from systematic errors, the resolution of those errors is important.

The current ARPEFS study found a 0.104/_ or 5% contraction of the topmost Ni

° interlayer spacing as compared with that of the bulk for the ,_t3x',]-3R30 ° C1/Ni(111)

system by analyzing structural information from the first and the second Ni layers.
q

However, Kuroda et al. reported no relaxation in the same CI/Ni(111) system, in contrast

to a significant contraction of 15 % in the p(2x2)S/Ni(111) system using their SEXAFS

results combined with those from the x-ray standing-wave method. Figure 9 shows the
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comparisons of the experimental data for both the [111] and the [110] geometries at 120 K

with the calculated x(k) curves based on the bulk Ni spacing (2.03 /_), while other

parameters were kept fixed at their optimum values. By visual inspection, the agreements

for both geometries are very poor, indicating that the substrate surface relaxation is
qlm

required to obtain the best fits between the experiment and the theory shown in Figs. 6 and

7. Although a combination of x-ray standing-wave and SEXAFS studies provides direct

information about the relaxation of the first substrate layer relative to the bulk position, the

information about the topmost interlayer spacing is indirect, as it requires the second

substrate layer to remain in the bulk po.,,ition. Low-temperature ARPEFS itself, however,

can obtain the topmost interlayer spacing directly for the ,/3x,_t3 R30 ° C1/Ni(111) system,

due to its abilit) to probe the second substrate layer.

Studies on the clean Cu(111) surface 23 showed a 0.7 + 0.5% contraction of the

topmost interlayer spacing, smaller than the contractions on more open (001) and (110)

surfaces. If the clean Ni(111) surface also has little contraction in the topmost interlayer

spacing, a 5% contraction in the ,/3x_.3 R30 ° C1/Ni(111) system is much larger than that

of clean Ni(111) surface, indicating the adsorbate-induced contraction. In contrast to the

CI/Ni(111) system, studies of adsorbates on fcc (001) surfaces such as S- an,_.Cl-,:overed

Ni(001) and Cu(001) have shown expansions of the topmost interlayer spacing,l,5, 8-11,24-

25 which has been attributed to metal-metal bond weakening induced by adsorption. The

mechanism for contraction is not clear in the ,,]3x-_ R30 ° CI/Ni(111) system.

The previous low-temperature ARPEFS study 5 on the CI/Cu(001) system showed

that cooling the lattice effectively extends the range of ARPEFS to the fourth substrate
P

layer. However, in this study, we could only obtain the distances from CI to the first and

to the second layers. In Fig. 2, we note consistent high-frequency oscillations in the

experimental x(k) curves at two temperatures, as compared with the filtered (10 A) curves
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shown in Figs. 6 and 7, suggesting the existence of real signals at large path-length

differences (> 10/_). Figure 10 shows the experimental Fourier spectrum in the [111]

• direction at 120 K, with the Fourier spectra obtained from single- and multiple-scattering

calculations based on the optimized parameters. The agreement among these three Fourier
w

transform spectra in the range 10 ,/k - 25/_ is not good enough to permit a quantitative

structural interpretation, but it is intriguing. The single-scattering curve shows peaks

spaced at 4 ,/_intervals, consistent with backscattering from the Ni(111) planes spaced at

2.03 ,/k. In fact, weak peaks near 20/_ and 24/_, consistent with scattering from the fifth

and sixth layers, appear in ali three curves. However, for intermediate path-length

differences 10/_, - 18/_, single scattering yields only two peaks, while both multiple

scattering and experiment show four. The later two curves agree only in regard to the

overall intensity of the pattern of four peaks, but not with respect to their exact positions or

detailed intensity pattern. We therefore conclude that the single-scattering calculation omits

important (multiple-scattering) effects which show up in the experimental curve, and the

multiple-scattering theory, as we have applied it, does not model these effects accurately.

3.5 Conclvsion

We have presented a low-temperat,lre ARPEFS study of the ,f3x,f-3 R30 °

C1/Ni(111) system. The surface strt,'ture was determined by two methods: Fourier

• analysis which gives qualitative structural information and the multiple-scattering

spherical-wave (MSSW) analy,.'is, which yields more quantitative results. This ARPErS

study provided a clear distinction between the two inequivalent three-fold hollow sites

using directional sensitivity of ARPEFS and found that the fcc three-fold hollow site is

favoured for the -,f3x,f3 R30 ° CI/Ni(111) system. Low-temperature ARPEFS allows us to
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determine structural parameters more accurately due t¢_the increased signal-to-noise ratio.

Multiple-scattering spherical-wave (MSSW) analysis found the C1atom adsorbed in the fcc

three-fold hollow site, 1.837(8)/_ above the first nickel layer with a CI-Ni bond length of

2.332(6) ,_ and an approximate 5% contraction between the first and the second nickel

layers, in disagreement with a rece_atstudy 13 by Kuroda et al.
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Figure Captions

FIG. 1. A view of the _3×_/-3 R30 ° overlayer of chlorine (shaded atoms) on the

(111) face of a nickel single crystal. The emission directions are labelled as

[111] and [110], while the photon polarization vectors associated with each
A A

geometry are labelled as c[111] and e[1101,respectively.

FIG. 2. Experimental x(k) curves for the [111] and the [110] geometries. The curve

with solid dots is x(k) at 300 K, and the heavier curve is g(k) at 120 K.

FIG. 3. Fourier spectra for the [111 ] and the [110] geometries at two temperatures, 120

K and 300 K. The heavier curves are the spectra at 120 K.

FIG. 4. Top and side views of the -,13×-_ R30 ° C1/Ni(111) structure. The smaller

shaded circles represent the CI atoms in the fcc sites, while the smaller open

circles represent the C1atoms in the hcp sites. The side view (lower panel)

corresponds to a cut in the plane shown the broken line in the top view

(upper panel).

FIG. 5. Adsorption site determinatiop, for the [111 ] and the [110] geometries at 120 K.

The experimental curves (solid lines) are compared to the MSSW calculated

curves (dashed lines) for two kinds of unreconstructed three-fold hollow

adsorption geometries (fcc and hcp).

FIG. 6. The best fits of the MSSW calculations (dashed curves) to the filtered (10.0 A)

ARPEFS data (solid curves) for the [111] geometry at two temperatures, 120

K and 300 K.

FIG. 7. The best fits of the MSSW calculations (dashed curves) to the filtered (10.0 A)

ARPEFS data (solid curves) for the [110] geometry at two temperatures, 120

K and 300 K.
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FIG. 8. R-factor plots for the [111] and the [110] geometries at the two temperatures,

120 K and 300 K, calculated by varying the C1-Ni(1) and the CI-Ni(2)

- distances, respectively, while other parameters were fixed in their optimum

values.
t

FIG. 9. Comparisons of the filtered (10.0/_) ARPEFS data (solid curves) to the

MSSW calculations (dashed curves) for the [111] and [110] geometries at 120

K. The MSSW curves are calculated with the bulk Ni spacing (2.03/_), while

all the other parameters are kept fixed at their optimum values.

FIG. 10. Comparison among the Fourier spectra for the [111] geometry at 120 K:

experimental Fourier spectrum with those spectra obtained from single- and

multiple-scattering calculations based on the optimized parameters.
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Chapter 4
e

Surface-Atom Vibrations

Abstract

A study of surface-atom vibrations for both the _/-3xq-3 R30 ° C1/Ni(111) and

c(2x2)Cl/Cu(001) systems was made using temperature-dependent ARPEFS. The

adsorbate mean-square displacements in the direction parallel to the surface were found to

be larger than those perpendicular for both systems. However, the relative magnitude of

the vibrational anisotropy in the parallel direction to the perpendicular direction was found

to be larger for the ,]3x-,/3 R30 ° CI/Ni(111) than that for the c(2x2)Cl/Cu(001). A model

for predicting the adsorbate vibrational anisotropy from the structures was proposed and

also successfully applied to the -,]3x-_ R30 ° CI/Ni(111), the c(2x2)C1/Cu(001), and other

available systems. This model offered a simple and straightforward physical picture for

understanding different types of vibrational anisotropy. For example, the c(2x2)

overlayers of S and O on Ni(100) have the opposite vibrational anisotropy for S and O

atoms.
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4.1 Introduction

" During recent years, there have been remarkable advances in the understanding of

lattice vibrations on both clean and adsorbate-covered surfaces. Techniques such as He-

atom scattering 1 and electron energy-loss spectroscopy (EELS) 2 have proved to be

powerful tools for studying surface-atom vibrations from the dispersion relations of

surface phonons and surface resonances. Recent studies 3-6 using temperature- and

polarization-dependent surface extended x-ray-absorption fine structure (SEXAFS) have

showed that the difference of mean-square relative displacements (MSRD) between two

temperatures can be extracted experimentally through Debye-Waller factors which take into

account the vibrational attenuation in scattering processes. In this chapter, we focus on the

temperature-dependent angle-resolved photoemission extended fine structure (ARPEFS).

The existence of surface-atom anisotropic vibrations has been addressed in several

recent studies. In a study of epitaxial, unrelaxed (1x 1)Co/Cu(111) surface, Roubin et al.3

found a larger amplitude in the correlated surface-atom vibrations perpendicular to the

surface than in those parallel, which is consistent with the conventional view fbr clean

metal surfaces that perpendicular surface-atom vibrational amplitudes should be larger

because of the increased degrees of freedom at the surface. This is also true for the

c(2×2)O/Ni(001) system. 7-8 However, the opposite vibrational anisotropy was found by

Sette et al.5 for the c(2x2)Cl/Cu(001) system, where vibrational amplitudes of surface

• atoms in the direction perpendicular to the surface is smaller than those parallel to the

surface. Studies of S and CI overlayers on Ni(100) 6 also showed the similar trend, lt
Ii

seems that whether the surface-atom vibrational amplitude perpendicular to the surface is

larger than that parallel to the surface depends on the specific adsorbate system. An
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interesting question is raised: can a universal model be proposed to predict the surface-

atom vibrational anisotropy for all the systems mentioned above?

A specific adsorbate system has its unique geometric structure. Surface properties °

such as geometric structures, electronic structures, and dynamic phenomena are often

related to each other. In this study, we present a model to predict the vibrational

anisotropy from structures and to link static structural and dynamic information. Since

both ARPEFS and SEXAFS are direct in determining surface structures, structural

parameters obtained from them can be used to predict the vibrational anisotropy. At the

same time, the results obtained from the model prediction can be compared with those

extracted from the experiments for the same system. Unlike SEXAFS, ARPEFS has high

directional sensitivity. Thus, the vibrational anisotropy may be more prominent in

ARPEFS than in SEXAFS. In this chapter, we investigate the vibrational anisotropy for

both the c(2x2)C1/Cu(001) and _xq-3 R30 ° C1/Ni(111) systems by using temperature-

dependent ARPEFS.

There are several reasons for studying both the c(2x2)Cl/Cu(001) and q-3xq3

R30 ° CI/Ni(111) systems. First, our results for the c(2x2)C1/Cu(001) can be compared

witt, those obtained from SEXAFS. Because of the difference between the fcc(111) and

fcc(001) lattices, we expect that a study of q-3xq-3 R30 ° C1/Ni(111) could give different

results from that of c(2x2)Cl/Cu(001). Second, structural parameters from the previous

low-temperature ARPEFS studies on both systems 9-10 can be used to predict the the

vibrational anisotropy. Also, we can test our model for predicting the vibrational

anisotropy with the results extracted from the temperature-dependent ARPEFS
ii

measurements on both systems.

Section 4.2 introduces the theoretical treatment for the vibrational attenuation in

ARPEFS. Section 4.3 describes the detailed procedures for extracting vibrational
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anisotropy from ARPEFS experiments, and compares the ARPEFS method with

SEXAFS. The results for both c(2x2)Cl/Cu(001) and _]3x-_ R30 ° CI/Ni(111) systems

• are also presented in this section. In Sec. 4.4, a model for predicting the vibrational

anisotropy is proposed and applied to several adsorbate systems. Discussion and

conclusions are given in Sec. 4.5.

4.2 Theoretical Treatment

An atom vibrates around its equilibrium position in a crystal lattice. The effect of

lattice vibrations was first discussed by Schmit 11 and later was treated more completely in

EXAFS by Beni and Platzman 12. Since electron scattering takes piace on a time scale

much shorter than that of atomic motion, the measurement of individual events in fact takes

a snapshot of the instantaneous atomic configurations. Therefore, an average of ali these

configurations must be taken in the calculating of the extended fine structure. The

instantaneous position of the scattering atom can be written as:

a = ao + Ua- Uo = ao + A Ua, (1)

where ao is the equilibrium position of the scattering atom, Uoand Uaare the displacements

for the emitting atom (origin) and the scattering atom, respectively, and A Uais the change

in the equilibrium bond length (see Fig. 1).

In analogy to EXAFS, 12 an ARPEFS X function in a single scattering case can be

• represented by

x(a ) = X(ao) < exp ( -i KaR.A Ua) >, (2)
• A A A

where KaR = k ( R - ao ): the unit vector R specifies the direction to the electron analyzer,

and k is the electron wave-number (see Fig. 2).

In the harmonic approximation, 13we have
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1 )2 >]< exp ( -i KaR.A Ua) > = exp [- _ < ( KaR.A Ua

IKaRI2 ^ )2 >]= exp [- 2 < ( KaR'A Ua

IKaRI2
= exp (- 2 °a2 )

= exp (-k2 (1- cOs0aR) Oa2 ), (3)

^ )2 = _where Oa2= < ( KaR.A Ua > and IKaRI2 2k2 (1 cOs0aR). The above term in Eq. (3)
'3 .

is the Debye-Waller factor describing the vibrational attenuation in ARPEFS. Here o a is

the temperature-dependent mean-square relative displacement (MSRD) between the

emitting and scattering atoms projected on the photoelectron momentum change direction

KaR.

There are several physical models for calculating Oa2. The Debye model has been

extensively used to predict the mean-square relative displacements, 12,14in agreement with

EXAFS experiments 15. Recently, Banon et al. 16 proposed a modified ARPEFS Debye

model including the surface-layer dependence, the anisotropy of the mean-square

displacements, and the mass dependence reqdired for an adsorbate, based on a

combination of the work of Allen et al.17 on mean-square displacements on surfaces, of

Housley and Hess 18on mean-square displacements in general, and of Sevillano et al. 14 on

mean-square relative displacements.

The MSRD Oa2, can be expanded into the sum of the mean-square displacements

(MSD) of the emitting atom (origin) and the scattering atom, projected on KaR, minus

twice their displacement correlation function (DCF):
A A A

<[ KaR.(ua-Uo)]2>=<(KaR. Ua)2>+<(KaR. Uo)2>
^ ^

-2[< ( KaR. Ua)( KaR. Uo ) >] • (4)

In Cartesian coordinates, we approximate
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A _-'s A2 2 > (5)<(KaR.Ua)2>= Kct < (Ua)ct •

ct=(x,y,:0

Here we choose x and y for the two orthogonal directions in a plane parallel to the surface,

and z for the direction perpendicular to the surface. The mean-square vibrational

displacement for the individual atom in a given direction ct is given by 14
O_max

2 ti f cofh(ti_/2kBT) fo_(_, 13a) do) (6)< ( Ua)ct > - 2ma Co
0

where ma is the atomic mass, foe(c0,13a) is the normalized density of states at frequency co

with or-direction displacements on atoms in layer 13a,and ¢Omaxis the highest frequency of

the system.
_t.Omax

In the moderate-temperature region (i.e., T > 2gkB ), according to a Thin'ing

expansion 13,19of coth x = 1/x + x/4, we obtain

2 kBT -2 _2 0
< ( Ua)ct > - < COot(laa) > + < t.oct(laa) > (7)rna 16makBT "

Here we introduce the moment of the frequency distribution,
_max

n J
< t.0ct(13a) > = f_(o_,13a) e.0n do_. (8)

First, we apply the Debye model for describing the density of states,

for(o, 13a) = [t.OD(13a)]3, (9)

, where o_D = 0D(kB/fi ) and 0 D is the Debye temperature. The directional- and layer-

dependent Debye-frequency cutoff [C0D(13a)]ct,is associated with the directional- and
r

layer-dependent Debye temperature 0D(O_,13a). In the Debye approximation, we substitute

_max into Eq. (8) with O_D.Thus, we can calculate
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o I 3o.,2
< %(13a) > = [03D(13a)]3 dol = 1 (10)

0

and

COD

-2 f 30)2 3 3fi2

<c°a (13a) > = J [_D(13a)]3 ¢°'2d°) - 0_D2- [kBOD(Ot,13a)]2" (11)
0

Therefore,

2 3fi2 T 0D(0ql3a)

< ( Ua)ot > = kBOD(Ot,13a)ma[ 0D(0ql3a) + 48T ] . (12)

The above equation shows that the projected atomic mean-square displacement in the

direction or, with ot = x, y, or z, can be calculated from the individual atomic mass ma, the

anlsotropic and surface-layer dependent Debye temperature 0D(Oql3a),and the experimental

temperature T. Hence, the surface-atom vibrations described by the mean-square

displacement (MSD) of the individual atom depends on the above factors. The softer

substrate surface ( lower 0D ), the higher temperature, and the smaller atomic mass give

the larger attenuation of ARPEFS oscillation amplitudes. A similar treatment can be used

to calculate the DCF function of the MSRD, era2.

Now we apply the Einstein model for calculating the density of states,

f,_(m,13a) = 8 [CO-COE(13a)], (13)

where o)E - 0E(kB/ti), 0 E is the Einstein temperature, and COE = COmax. According to Eq.

(6), we obtain
o_

2 fi r c°th(fi_/2kBT)
< ( Ua)or> - 2ma 3 ............c0................8 [co- OE(13a)l dto

0
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1i

- 2ma----_c°th(fiC°E/2kBT)
1i2

= 2makB0 E coth(0E/2T). (14)

" Thus, the directional- and layer-dependent Einstein temperature 0 E can be used to estimate

the MSD for a given direction, lt has been shown that the Einstein model also reasonably

modelled the experiment. 14

Although both Debye and Einstein models oversimplify the density of states for

real systems, they give good estimates of th_. MSRD for the experiments. As Barton et

al. 16 have suggested, the averaging property of the moments of vibrational frequency

distribution might reduce the errors in both models. The lattice-dynamic calculations

provides more accurate values for the MSRD. However, it requires information about

geometry and force constants of surface bonding for constructing the normal modes and

eigenstates. For many surface systems, this approach is not practical because of our poor

understanding of them. Thus, Debye and Einstein models have been extensively used in

ARPEFS, SEXAFS, and LEED for the theoretical treatment of the vibrational attenuation.

Although the Einstein model is cruder than the Debye model because it only assumes a

single vibrational frequency for an ensemble of noncorrelated harmonic oscillator, a

theoretical study 14 showed that the differences in estimating the MSRD between two

models are not profound. In this study, we use the modified ARPEFS Debye model to

estimate the MSRD in calculating theoretical )_curves. The previous ARPEFS studies on
11

both the c(2x2)C1/Cu(001) and _73x',E3R30 ° CI/Ni(1 11) systems 9-10 mainly emphasized

• structural information. However, this study using temperature-dependent ARPEFS is to

obtain the surface-atom vibrational information and to provide a useful test for the validity

of the modified Debye model. Any anharmonicity is not included in the study.
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4.3 Data Analysis and Results

4.3.1 Ratio Method

t

As we have discussed in the previous section, the thermally excited vibrational

motion of surface atoms is greatly dependent on the temperature. This temperature effect

is included in the extended fine structure by multiplying a temperature-dependent

vibrational attenuation factor. In a single-scattering model20, an ARPEFS X function at

temperature T can be written as:

x(k,T) = 2E Ai(k) cos[krj (1-cos0j) + _jl exp[-ty2(T) (1-cos0j)k2], (15)
J

where the sur..mation is over all atoms near the adsorbed "source" atom from which core-

level photoemission originates. Here Aj(k) contains the elastic scattering amplitude

modified by the inelastic losses and aperture integration, rj is the distance between the

photoemitter and j th scattering atom, 0j is the scattering angle at the j th atom, and t_j is

the scattering phase shift. The last term in Eq. (15) is the ARPEFS vibrational attenuation

factor, or the Debye-Waller factor, with ty2(T) being the mean square relative displacement

(MSRD) between the photoemitter and the j th scattering atom, projected on the

photoelectron momentum change direction.

By taking the logarithmic ratio of)c functions given in Eq. (15) at two different

temperatures, T1 and T2, for a single scattering off the j th scattering atom, we obtain

In [Xi (k,T1) ff2(T2) ff2(T 1Xj (k,T2) ] = k2 (1-c°soj) [ - )]

= k2 (1-cos0j) A c2(T), ( 16)
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_2(T) is the change of c_2(T)between two temperatures. Equation (16) shows thewhere A

lirearity of the logarithmic ratio of two Xcurves at different temperatures, as a function of
2

" k2 , with a slope of (1-cos0j) A _j (T).

. Figure 3 illustrates the ratio method for evaluating A _2(T). The two X curves (see

Fig. 3a) at different temperatures were calculated from a 5-atom linear chain using a single-

scattering model. The Fourier spectra (see Fig. 3b) show four well-separated peaks

corresponding to each of the four substrate atoms in the chain. After inverse Fourier

transform of the first peak, we obtained two _ curves (see Fig. 3c) corresponding to the

single scatterng only from the first nearest-neighbor. These two g curves at different

temperatures have the same scattering phase Cj (k), but different amplitude functions

Aj(k,T). Fig. 3d shows the linearity of the logarithmic ratio of the amplitudes of the above

two X curves at 110 K and 300 K, in the k2 range of 25-150/_.2.

The ratio method was originally used in EXAFS. Until recently, it has been

applied to SEXAFS. This method is simple and theory-independent because it does not

require any backscattering amplitudes and phase shifts determined from a model

compound or from theoretical calculations, thus eliminating some systematic errors from

estimating these parameters. However, SEXAFS studies using the ratio method can only

obtain the difference of the mean-square relative displacements A _ between two

2
temperatures, but not the cj itself, or the absolute mean-square displacement < u2 > for

• the individual atom. Thus, we can not compare the SEXAFS results directly with those

obtained from x-ray diffraction or LEED, where the absolute amplitude of mean-square
t

displacement is given. From Eqs. (15) and (16), we can see that the logarithmic ratio of

two X curves is a linear function of k2 only for the single-scattering case. Furthermore, a

good linearity of the logarithmic ratio of two experimental X curves requires high-quality
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data at both temperatures. Indeed, several SEXAFS experiments have shown the linear

k2-dependent plots in the limited range (k2 = 10-80 _-2) for several near shells, indicating

the dominance of single scattering in these shells. For the higher shells, the linearity is

worse because of multiple scattering. Now the question is whether or not we can apply the
,li

ratio method to the temperature-dependent ARPEFS in the similar way as with the

SEXAFS.

Although ARPEFS is analogous to SEXAFS, there are differences between them.

In ARPEFS, the interference of photoelectron waves takes piace at the angle-resolved

electron detector, depending on the scattering path-length difference, while in SEXAFS,

the interference happens on the emitter, giving the interatomic distance between the emitter

and the scatterer. The single-scattering model has proven to be adequate for SEXAFS, but

not for ARPEFS which requires multiple-scattering spherical wave (MSSW) theory. 16 As

we have discussed in chapter 3, the strongest peak at a path-length difference ~ 4.6/_ in

the [110] Fourier spectra of the "_/3x'x/-3R30 ° C1/Ni(111) was mainly assigned to the

backscattering by one of the three nearest-neighbor substrate atoms along the [11O]

direction, and then forward focussing by the adsorbate atom (emitter) to the detector.

Forward focussing itself does not bring any additional changes to the attenuation factor

because of exp [-k2 (1 - cOs0aR ) C_a2] = 1, when OaR =180 o. Thus, backscattering and

forward focussing together should also give the linearity of the logarithmic ratio as does

the single scattering alone shown in Fig. 3. However, we can not obtain the linear

function for the strong Fourier peak at ~ 4.6/_ by using the ratio method (see Fig. 4),

indicating that this peak may contain different scattering events with similar path-length

differences. Figure 5 shows the comparison of the _(k) curve calculated with a single-pair "

scattering (backscattering and forward focussing) model to a full multiple-scattering

calculation based on the optimum parameters obtained from chapter 3. We can see that
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backscattering and forward focussing together contribute most of the intensity of the peak

at "-4.6/_. However, there are still some differences between these two g curves,

indicating that other scattering events exist besides the backscattering and forward
B

focussing described in a single-pair scattering model. Since a full multiple-scattering

" model which accurately describes the experimental data includes a large cluster size of

several atoms in the f'n'st and second substrate layers with up to the fourth-scattering order,

the nonlinearity of the logarithmic ratio must be due to these many different scattering

events. Thus, we carl not simply use the ratio method in ARPEFS as with SEXAFS.

However, in comparison with SEXAFS, high directional sensitivity and large oscillations

in ARPEFS should allow us to determine surface-atom vibrational amplitudes from

experimental data. But a different approach has to be taken to analyze the temperature-

dependent ARPEFS data.

4.3.2 ARPEFS Analysis and Results

In this section, we present ARPEFS analysis and results for both the c(2x2)

C1/Cu(001) and ._r_×_r_R30 o C1/Ni(111) systems. Since multiple scattering and many

scatterers are involved in a single ARPEFS Fourier peak, we expect the ARPEFS analysis

to be more complicated than the simple ratio method used in SEXAFS. In our analysis,

we simulate the temperature-dependent ARPEFS data with the multiple-scattering

spherical-wave (MSSW) theory 16 including a modified Debye model described in the
a

previous section for considering the temperature effect in the extended fine structure.

• Thus, the vibrational information can be extracted from the temperature-dependent

ARPEFS data based on the known structural parameters from the _revious studies. 9-10
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As we have discussed in Sec. 4.2, the directional- and layer-dependent Debye

temperature 0D(O_, 13a) was used to calculate the mean-square displacement (MSD) and the

mean-square relative displacement (MSRD) in the modified ARPEFS Debye model, where

each layer is characterized by three directional Debye temperatures. In the simulation, the

ratio of these Debye temperatures is proposed to reduce the number of free parameters.

We also relate surface- and bulk- Debye temperatures by allowing the surface mean-square

displacements to decay exponentially to the bulk values in three or four layers.

Furthermore, the adsorbate directional Debye temperatures can be estimated based on the

substrate surface- Debye temperatures adjusted for the difference in masses. However,

these estimates of Debye-related parameters are only the initial guesses for the later

simulations. Initially, we set copper and nickel bulk Debye temperatures as 343 K and

390 K, respectively, while their surface Debye temperatures were taken as 243 K and 276

K. The Debye temperatures were estimated to be 325 K for the C1adsorbate on the copper

surface, and 355 K for C1on the nickel surface.

In the previous structural analyses on both the c(2x2) C1/Cu(001) and -_xq3 R30°

C1/Ni(111) systems, 9-10 the optimum structural parameters were obtained when a

minimum R-factor, measuring the goodness of the fits between the theoretical and

experimental z(k) curves, was reached. Although some of the nonstructural parameters,

including Debye temperatures, were also varied along with the structural parameters, it is

difficult to extract accurate nonstructural parameters from the analysis because the theory is

much more sensitive to the structural parameters. In the previous studies 9-10, we also

found that the Debye-related parameters were not strongly correlated with the structural
Q

parameters although their reasonable estimates improved the fits between the theory and

the experiment. From Eq. (15), we can see that the nonstructural parameters, mean free

path and Debye temperature, mainly modulate the oscillatory amplitude of the extended
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fine structure x(k), while the oscillatory frequency is mostly determined by the structural

parameters and phase shifts. Thus, the simulation method emphasizing the oscillatory

- amplitudes of the extended fine structure may increase the sensitivity to the Debye

temperatures. There are two forms of experimental data: z(k) curves and Fourier spectra.
,t,.

In comparison of a Z (k) curve with its Fourier spectrum, we found that varying structural

parameters in a small range leads to a larger shift in the Z (k) curve than in the Fourier peak

position, and the Fourier peak intensity is _eatly dependent on the choices of Debye-

related parameters when other structural parameters are close to their optimum values.

Since the optimum structural parameters are known from the previous studies 9-10,

simulating the experimental data, including Fourier spectra, can increase the accuracy of the

Debye parameters, lt would be ideal to fit a single Fourier peak at a time with few

parameters. Unfortunately, we have to use many parameters to fit the single Fourier peak

because of multiple scattering and many scatterers involved in the single peak. Moreover,

different combinations of three directional Debye temperatures for a single pair of

scatterers can give the similar value of MSRD with equally good fits. Thus, the directional

Debye temperatures may not be uniquely defined if we only fit the single Fourier peak

mostly due to the single-pair scattering. Therefore, we chose to fit the whole Fourier

spectrum in simulations. By simulating both the X (k) curve and its Fourier spectrum

simultaneously for a given geometry, we can obtain the best fits between theory and

experiment in both momentum (k) and real (R) spaces with increased accuracy for the

, fitting parameters.

We made comparisons of theory with experiment for all data sets by using the

same path-length-difference cutoffs as in previous studies. 9-10 In the present study, an

automatic routine described previously 9 was used to search many parameters at a time. To

avoid changing too many parameters at a time, we first optimized the Debye-related
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parameters while other parameters were kept in their optimum values obtained previously.

These parameters are" the crystal bulk- Debye temperature, the crystal surface- Debye

temperature in the direction perpendicular to the surface, the ratio of the crystal surface-

Debye temperature in the parallel direction to that in the perpendicular direction, the
q

exponential decay length, and the Debye temperatures of CI, in the parallel and

perpendicular directions.

First, we simulated the z(k) curve and its Fourier spectrum simultaneously for a

given geometry for ali data sets. The optimum parameters were obtained when the sum of

two R factors, calculated from the z(k) cur, .... nd the Fourier spectrum, respectively,

reached the minimum. The R factors were calculated over the k range 5.0 - 11.0/_-1. In

addition to optimizing the above Debye-related parameters, we also varied the structural

and nonstructural parameters at the same time to avoid any correlations between the Debye-

related parameters and other parameters. The structural parameters obtained in this way

agree with the results obtained in the previous studies within their error limits, further

indicating no strong correlations between the Debye-related parameters and other

parameters. However, the Debye-related parameters obtained from the normal emission

data at two different temperatures have better consistency than those from the offnormal

data. As we have discus:;ed previously, the directional Debye temperatures might not be

uniquely defined for the offnormal data because its Fourier spectrum is dominated by one

strong peak which mainly comes from the one backscatterer. Second, we simulate both

x(k) curves at two different emission geometries simultaneously for a given temperature

with one set of Debye-related parameters, using the ARPEFS directional sensitivity. The

results for the Debye-related parameters agree with those obtained from the normal

emission data in the first method. Although the results obtained from the above two

methods are not as consistent for the offnormal emission data, both methods offered
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equally good fits, further demonstrating that the three directional Debye temperatures are

not well defined for the offnormal data. Finally, we simulate both x(k) curves at different

.. temperatures for the normal emission data with the same sets of Debye-related parameters,

using the temperature dependence of the x(k) function. The results are consistent with

those obtained from the above two methods. In summary, ali three methods provided

fairly consistent results, especially for the relative magnitudes of adsorbate- Debye

temperatures in the parallel direction with respect to that in the perpendicular direction.

Fitting two experimental curves simultaneously with less varying parameters induces

statistical errors because of the increased number of degrees of freedom. The results for

the crystal bulk- and surface- Debye temperatures and the exponential decay length were

found to be close to the estimated values. The ratio of the crystal surface- Debye

temperature in the parallel to that in the perpendicular direction was 1-1.3. However, we

can't determine the anisotropy of the substrate surface- Debye temperatures accurately.

Using a simple force-field model, we found that for both the c(2×2)C1/Cu(001) and ,_/-3×_3

R30 ° CI/Ni(lll) systems, each of the first-layer substrate atoms not only no longer

vibrates isotropically in the x and y directions but also no longer has the same site

symmetry orientaton. 21 Figure 6 gives an example showing that half of the atoms in the

first substrate layer vibrate differently from another half in the c(2×2) adsorbate structure.

In our model, we assume ali atoms in the same layer having the same set of three

directional Debye temperatures. Thus, the substrate directional Debye temperatures

obtained from the simulations are actually the averaged results of ali the atoms in the same

layer.

" The mean-square displacements (MSD) for the adsorbate atoms are shown in Table

I. These values were calculated from Eq. (12) using the adsorbate directional Debye

temperatures obtained from the above analysis. The adsorbate MSD for the
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c(2x2)Cl/Cu(001) system is 0.9 x 10-2 (]k2) in the parallel direction, and 4.0 x 10-3 (_2)

in the perpendicular direction, while for the ,4r3xq3 R30 ° CI/Ni(111) system, the MSD in

the parallel direction is 2.4 x 10-2 (A2), and 4.9 x 10-3 (/_,2)in the perpendicular direction.

From Table I, we can see that the MSD values in the parallel direction are larger than those
4"

in the perpendicular direction for both systems. However, the ratio of the MSD between

the parallel and the perpendicular directions for the _-3x-_ R30 ° C1/Ni(111) system is

larger than that for the c(2x2)Cl/Cu(001) system.

c(2x2)C1/Cu(001) -_xq3 R30°C1/Ni(111)

Adsorption site fourfold threefold

< ( u _1)2> 0.9 x 10 -2 (A 2) 2.4 x 10 -2 (/_2)

C1)2<(u_t > 4.0 × 10 .3 (A 2) 4.9 x 10-3 (A2)

< ( U C1)2> 2.3 4.9
CI 2

<(u±) >

Table I. The adsorbate mean-square displacements (MSD) for both the c(2×2)C1/Cu(001)

and the _/-3x_-3 R30 ° CI/Ni(111) systems. These values were calculated from Eq. (12)

using the adsorbate directional Debye temperatures obtained from the simulations of the

experimental data.
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4.4 Prediction of Vibrational Anisotropy

" Recent studies 3-6 have shown the existence of different types of surface-atom

vibrational anisotropy. Sette et al.5, in a study of c(2x2)C1/Cu(001), proposed that the
q

origin of an adsorbate parallel mean-square displacement (< ( u _1)2 >) larger than the

a )2 >) is connected with the charge transfer from the substrate toperpendicular one (< ( u ±

the adsorbate atoms. They expected that such charge transfer induces a stiffening of the

effective perpendicular adsorbate-substrate force constant, a softening of the in-plane

surface vibrational modes due to the weakening of the metal-metal surface bonds, and an

expansion in the topmost substrate interlayer spacing. However, this simple picture does

a )2 > is smaller thannot fit the reversed case c(2×2)O/Ni(001), where the adsorbate < ( u II

a )2 >. Our ARPEFS studies have showed the adsorbate < ( u _1)2 > is largerthe < ( u x

a )2 > for both the .,_×,_r_ R30 o C1/Ni(111) and c(2×2)C1/Cu(001) systems,than the < ( u x

in agreement with the SEXAFS study by Sette et al.5 However, using their picture, we

can't explain the larger ratio of the MSD between the parallel and the perpendicular

directions for the -_3×,f3 R30 ° C1/Ni(111) system than that for the c(2×2)Cl/Cu(001)

system, and the contraction of the topmost substrate interlayer spacing in the ,__×-_ R30 °

CI/Ni(111) system, lt therefore seems difficult to predict the surface-atom vibrational

anisotropy with a universal model. Recently, Yang et al.8 presented lattice-dynamical

calculations of the mean-square displacements of the adsorbate and first-layer substrate

atoms for c(2×2) S and O overlayers on Ni(100). They found that for S atoms the mean-

square displacement in the plane parallel to the surface is larger than that along the surface

normal, while the opposite case is for the O atoms, in agreement with SEXAFS

experiments. However, the lattice-dynamical calculation requires phonon spectral
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densities derived from EELS experiments. Because of the limited number of systems

studied by EELS and a large amount of computations required for the calculation, only a

few systems have been studied by using this method. Therefore, it is important to have a ,

simple and straightforward way to predict the vibrational anisotropy. In this section, a

model for predicting the vibrational anisotropy is presented and applied to several available

systems for testing its validity.

We first consider the fourfold adsorption geometry such as the c(2x2) or p(2x2)

overlayers on the fcc (100) surfaces. The c(2x2)Cl/Cu(001) system is an example of this.

A picture of a 5-atom cluster with one adsorbate and four nearest substrate atoms is shown

in Fig. 7, where parameters d(/_) and b(/_,) represent the perpendicular distance from the

adsorbate to the first substrate layer and the interatomic distance between the adsorbate and

the nearest substrate atom projected on the direction parallel to the surface, respectively. In

the model prediction, we assume that the interaction between the adsorbate and each of the

four stationary substrate atoms is a pair-wise interaction which can be described by a

Lennard-Jones (LJ) potential,

• (R) = 4 E [ (t_ / R)12- (_ / R)6 ]. (17)

Here R is the interatomic distance between the adsorbate and the substrate atoms, 13is the

potential parameter, and _ is related with the equilibrium interatomic distance Re through

the relation

Re = 21/6 _ = (b + d)1/2. (18)

The LJ potential used in this study is for its simplicity. There is only one potential- .

dependent parameter 13in its form shown in Eq. (17). In Cartesian coordinates, we choose

X and Y for two orthogonal directions in a plane parallel to the surface, and Z for the

direction perpendicular to the surface. The displacement for the adsorbate atom in a given

direction (X, Y or Z) is represented by X, Y, or Z, respectively. Since the force constant
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for the adsorbate atom in a given direction can be calculated by taking the second derivative

of the projected potential on that direction at the equilibrium position 0_= 0, with ot = X,

f Y, or Z, we obtain

Kx = O2yjCj / OX2[a=0 = 144 13b 2 / ( b 2 + d 2 ) 2, (19)|
J

Ky=O2_,Oj/_y2[ =0= 144 13b2/(b2+d2)2, (20)
J

and KZ = O2_,j / c)Z2la=0 = 288 13d 2 / ( b 2 +d 2) 2. (21)
J

Here the summation is over all the substrate atoms (j = 1,4). Therefore, the force

constants in the directions parallel and perpendicular to the surface can be written as

KCIi= 144 13b2/(b2 +d2) 2, (22)

Cl 2 2 2 2
andK_t_ = 288 13d /(b +d ) . (23)

Similar procedures were applied to the threefold adsorption geometry (see Fig. 7).

The ,_/-3×_1-3R30 ° C1/Ni(111) system is an example of this. The force constant in the three

orthogonal directions are

KX__2_j/_X2[ =0= 108 13b2/(b2+d2)2, (24)
J

Ky = o2Z(_j/_y21 = 108 13b 2 / ( b 2 + d 2 ) 2 (25)Or-0
J

and Kz = c)2Z_j / _z2let=0 = 216 E d 2 ] ( b 2 + d 2 ) 2. (26)
J

tt

Thus, we obtain

• KCIl = 108 13b 2 / ( b 2 + d 2 ) 2, (27)

CI 2 2 2 2
andK± = 216 t3d /(b +d ) . (28)
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From the above equations we can see that for both the fourfold and threefold adsorption

geometries, force constants in a plane parallel to the surface are isotropic (Kx = Ky) and

the perpendicular force constant (Kz) has a different form from the parallel one. We also

notice that the force constants derived here are only dependent on the potential parameter 13
|

and the structural parameters b and d.

Structural parameter MSD ratio

b (_) d (/_) Model prediction This work

C1/Cu(001 ) 1.807 1.61 1.6 2.2

C1/Ni(111) 1.437 1.84 3.3 4.9

Table II. Comparison of mean-square-displacement ratios (MSD ratio) between the

parallel and the perpendicular directions derived from the model prediction with those

obtained from this work by simulating the ARPEFS experimental data.

Within the harmonic approximation, the mean-square displacement (MSD)

< ( U )2 > is inversely proportional to the force constant K. Thus, the MSD ratio between

the parallel and the perpendicular directions can be represented as

c cl(<( u 1)2>) K _1_ 2d 2
- (29)

Cl 2 cii - b 2(<(u 1_) >) K I
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Surprisingly, the MSD ratio is potential and adsorption-site independent. Instead of using

Lennard-Jones potential, Eq. (29) can also be derived by using other potentials such as

harmonic or coulombic potentials. Both the threefold and fourfold adsorption sites give

the same simple form, depending only on the structural parameters b and d. Thus,
4

Eq. (29) allows us to predict the vibrational anisotropy for the adsorbate atom from the

structural information, linking the geometric structures and the dynamic phenomenon.

<(U A 2II ) > c(2×2) c(2x2) p(2×2) p(lxl)

<(uA) 2_L > O/Ni(100)7'8 S/Ni(100)6'8'22 S/Cu(001)23 Co/Cu(111)3,a

Prediction < 1 > 1 - 1 < 1

Experiment < 1 > 1 - 1 < 1

a) as a case of d = 0.

Table III. The adsorbate mean-square-displacement ratios (MSD ratio) obtained from the

model prediction and experiments, respectively. The references for the structural

parameters b and d used in the model prediction, and the experimental results of vibrational

anisotropy are listed.

Now we apply Eq. (29) to both the c(2×2)Cl/Cu(001) and ",1-3×_ R30 °

CI/Ni(I 11) systems. Since the structural parameters b and d for both systems are known

from the previous ARPEFS studies, we can calculate the MSD ratio by using Eq. (29).
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Table II shows the comparison of the MSD ratios derived from the model prediction with

those obtained from this work by simulating the ARPEFS experimental data. From Table

II, we can see that the model prediction and this work offer consistent results for both

systems. The mean-square displacements in the parallel direction are larger than those in
1,

the perpendicular direction, and the "43x'43 R30 ° CI/Ni(111) has a larger anisotropy

(larger MSD ratio) than the c(2x2)C1/Cu(001) system. Although the absolute MSD ratios

derived from the model prediction are smaller than those obtained from this work, this

model gives good estimates of relative magnitudes of vibrational anisotropy from the

structural information. More importantly, it provides a simple and straightforward

physical picture for us to understand the vibrational anisotropy. Equation (29) shows that

the larger d and the smaller b give the larger ratio of the MSD between the parallel and the

perpendicular directions. When an adsorbate atom sits farther above the smoother surface

(larger d and smaller b), it is understandable that the adsorbate atom can move more easily

in the parallel direction than in the perpendicular direction. This may be the reason for a

larger anisotropy (larger MSD ratio) in the _/-3xx/-3R30 ° C1/Ni(111) system than in the

c(2x2)C1/Cu(001) system ( see Table II). Thus, whether or not the adsorbate atom has a

larger parallel motion than the perpendicular one depends on the competition of the two

factors d and b through the relation given in Eq. (29). In an extreme case (d = 0), the

model always predicts the larger MSD in the perpendicular direction than that in the parallel

direction, in agreement with the conventional view for the clean metal surfaces. We can

imagine the case of d = 0 as either a clean metal surface or a full monolayer (100% t.

coverage) adsorbate system. For both clean metal surfaces and full monolayer adsorbate

systems, atoms in the topmost layer can move much easier in the perpendicular direction

than the parallel direction because of the large lateral interaction between the adsorbate

atoms and more degrees of freedom for the atomic motion in the perpendicular direction.
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This is the case for the epitaxial (lxl)Co/Cu(111) system3 (simulating a fcc densely

packed clean metal surface), where the vibrational amplitude in the perpendicular direction

. was found to be larger than in those parallel. To further test the validity of this model, we

also applied this model to other systems for which both structural and vibrational

information are known. Table III lists the MSD ratios obtained from both the experiments

and the model prediction (the MSD ratio larger than 1 means the larger parallel MSD than

the perpendicular). Here we only give the directions of the adsorbate vibrational

anisotropy because the absolute values of the MSD are unknown for the mos: adsorbate

systems. From Table III, we can see that our model prediction is in excellent agreement

with experiments, thus further showing the validity of this model.

4.5 Discussion and Conclusions

Both ARPEFS and SEXAFS are less direct for studying surface-atom vibrations

than the techniques such as He-atom scattering and EELS. However, they can provide

information about surface-atom vibrational anisotropy directly from experiments in a

simple and straightforward way.

There are several sources of errors in both ARPEFS and SEXAFS. Errors using

the modified ARPEFS Debye model may be negligible because we have shown that this

model reasonably described the vibrational attenuation in the scattering process. However,

the analysis methods themselves in both SEXAFS and ARPEFS may bring some errors.H

In ARPEFS, they might come from the simulation of experimental data because the

• oscillatory function x(k) has lower sensitivity to the Debye related parameters than to the

structural parameters, while in SEXAFS, errors might result from the back-Fourier

transformation or thc nonlinearity due to the low-quality data or nonseparable shells.
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Unlike SEXAFS, which provides the difference between MSRD values at two different

temperatures by using the theory-independent ratio method, ARPEFS gives the MSRD and

MSD values for surface atoms by simulating experimental data. Because the ARPEFS

Debye model treats the substrate atoms in the same layer equally, we can only obtain the
,m

averaged MSD values for the first-layer substrate atoms for both ",13×-4_-3R30 ° CI/Ni(111)

and c(2×2)C1/Cu(001) systems. Since the first-layer substrate atoms in both adsorbate

systems no longer have the same site symmetry orientation, treating them equally may

cause errors in the MSD values for the adsorbate atoms due to the correlated motion

between the adsorbate and substrate atoms. However, these errors might be small because

the substrate atom has larger atomic mass than the adsorbate atom in both systems. Both

ARPEFS and SEXAFS techniques are complementary to He-scattering and EELS for

studying the surface-atom vibrational information. Since the goal of this study is to obtain

information about surface-atom vibrational anisotropy and predict this anisotropy with a

simple physical model, our main concern is the MSD ratios or the relative magnitudes of

the MSD in the parallel to the perpendicular directions, but not the absolute MSD. Thus,

even if there are small errors associated with the absolute MSD values, we can still get the

accurate information about the vibrational anisotropy.

Although the model we proposed is based on the force-constant ideas with

symmetry concept, it can successfully predict the adsorbate-atom vibrational anisotropy.

We have tested the electronegative adsorbate systems such as S, O, or N on the simple

transition-metal surfaces with small reconstruction and less than 50% monolayer coverage.

The full lattice-dynamic calculatiov, s by Yang et al.8 based on the phonon dispersion

spectra offered more detailed information about surface-atom vibrations. However, our

simple model prediction agrees with their study on the vibrational anisotropy and provides
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a sin.ilar explanation for the opposite anisotropy between the O/Ni(001) and S/Ni(001)

systems (see sectiov_ 4.4).

' In conclusion, this chapter presents a study of surface-atom vibrations for both the

q-3xq3 R30 ° C1/Ni(111) and c(2x2)C1/Cu(001) systems using temperature-dependent
t

ARPEFS. We found that the mean-square displacements in the direction parallel to the

surface are larger than those perpendicular ones for both systems. However, the relative

mag_,_'tude of the vibrational anisotropy in the parallel direction to the perpendicular

direction for the q-3xq-3 R30 ° C1/Ni(111) is !arger than that for the c(2×2)C1/Cu(001).

Also, we proposed a model for predicting _le adsorbate-atom vibrational anisotropy. This

model was successfully applied to the -q3xq-3 R30 ° C1/Ni(111), the c(2x2)C1/Cu(001),

and other available systems, lt indeed offers a simple and straightforward physical picture

for understanding different types of vibrational anisotropy. For example, the c(2×2)

overlayers of S and O on Ni(100) have the opposite vibrational anisotropy for S and O

atoms.
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Figure Captions

FIG. 1. Schematic illustration of the equilibrium and instantaneous positions of the

emitting atom (o) and the scattering atom (a).
li

FIG. 2. Definition of the vectors used in the scattering process. Vectors ao and R

represent the equilibrium position of the scattering atom (a) and the direction to
A

the electron detector, respectively. The electric vector is labelled by e.

FIG. 3. Illustration of the ratio method for evaluating the difference of the relative

mean-square displacements between two temperature. (a) The Z curves

calculated from a 5-atom (one emitting and fore- scattering atoms) linear chain

using a single-scattering model. The solid curve is x(k) at 110 K, and the

dashed curve is x(k) at 300 K. (b) Fourier transforms of the above two x(k)

curves. The four well-separated peaks corresponds to the four scattering atoms

amplitudes at 110 and 300 K as a function ofk 2 for the first peak.

FIG. 4. Application of the ratio method to the ARPEFS experimental data. (a) The

[110] experimental z(k) curves for the _r3xx/3 R30° C1/Ni(111) at two

different temperatures. The solid curve is x(k) at 120 K, and the dashed curve

is z(k) at 300 K. (b) Fourier transforms of the above two x(k) curves. (c)

Inverse Fourier transform of the strong peak at -- 4.6 A. (e) Logarithmic ratio

of the amplitudes at 120 and 300 K as a function of k2.

FIG. 5 Comparison of the single-pair scattering calculation to the full multiple-

scattering calculation for the ,f3x,/3 R30 ° C1/Ni(111) along the [110]

emission direction at 120 K. The solid curve is the inverse Fourier transform

of the peak at ---4.6 _ obtained from the full multiple scattering calculation
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including the first and the second substrate layers, while the dashed curve is a

)_(k) curve calculated with a single-pair scattering model.

FIG. 6. Top view of the c(2x2) adsorbate on the fcc (001) surface. The larger circles

represent the first-layer substrate atoms. The bold vectors illustrate the

,' substrate-atom in-plane vibrations. The substrate atom in position A has a

larger vibrational amplitudes along the Y direction than that along the X

direction, while the opposite for the substrate atom in position B.

FIG. 7. Small cluster models for describing the fourfold and threefold adsorption

geometries. (a) A 5-atom (one adsorbate and four nearest-neighbor atoms)

cluster for the fourfold adsorption geometry. (b) Top view of (a). (d) A 4-

atom cluster for the threefold adsorption geometry. (d) Top view of (c).
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Chapter 5
t

Conclusions

A detailed study of the c(2×2)C1/Cu(001) adsorption-geometry and substrate-

surface relaxation using low-temperature ARPEFS was presented in chapter 2. Electrons

were detected along two emission directions, [001] and [011 ], and at two temperatures,

110 K and 300 K. The CI atoms were found to adsorb in the four-fold hollow site, 1.604

A, above the first copper layer, with a C1-Cu bond length of 2.416 A. The c(2×2)C1-

covered first copper layer showed no relaxation with respect to the bulk position.

However, there is a 2% expansion of the separation between the first copper layer and the

second atopped-site copper layer, and a small corrugation of the second copper layer

where the atopped-site copper atoms are further away from the adsorbate CI atom. The

distances from the CI atoms to the third and fourth copper layers were found to be 5.222 A

and 7.023 A, respectively, indicating that atoms in the third and fourth copper layers

remain in their bulk positions.

The major contribution of this chapter is the demonstration of the ability of low-
¢

temperature ARPEFS to determine both the accurate surface and the near-surface structure,

including the deeper substrate layers. Cooling the lattice effectively extends the range of

ARPEFS to the fourth copper layer, thereby firmly referencing atomic positions in the
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surface and near surface layers to the bulk crystal lattice. This helps to understand the

adsorbate-induced surface relaxation.

Another important aspect of this chapter is that we developed a method for '

estimating statistical errors or random errors in ARPEFS data analysis. Instead of quoting
qt

ali errors as ca. + 0.02 A, we hope to have advanced a more quantitative way of estimating

errors. The possible systematic errors involved in the data analysis were also discussed.

Chapter 3 presented a surface structural study of the "_×',/3 R30 ° C1/Ni(111)

system using low-temperature ARPEFS for further investigating adsorbate-induced

substrate-surface relaxations. The experiments were performed along two emission

directions, [111] and [110], and at two temperatures, 120 K and 300 K. The multiple-

scattering spherical-wave analysis determined that the C1atom adsorbs in the fcc three-fold

hollow site, 1.837/_, above the first nickel layer, with a C1-Ni bond length of 2.332/_,,

and an approximate 5% contraction between the first and the second nickel layers.

A comparison of the results from chapters 2 and 3 reveals different kinds of

adsorbate-induced substrate relaxations. An expansion of the topmos: substrate interlayer

spacing was found for the c(2×2)Cl/Cu(001) system, but a contraction for the _/-3×,4_

R30 ° C1/Ni(111) system. However, the mechanism of contraction for the ,f3×-_/-3R30 °

CI/Ni(111) system is not clear. Thus, theoretical studies are desirable for a better

understanding of the adsorbate-induced expansion or contraction.

Chapter 4 presented a study of the surface-atom vibrations for both the ,f3×-,_

R30 ° C1/Ni(111) and c(2x2)Cl/Cu(001 ) systems usi_g temperature-dependent ARPEFS.

The adsorbate mean-square displacements in the parallel to the surface were found to be

larger than in those perpendicular for both systems. However, the relative magnitude of

the vibrational anisotropy in the parallel direction to the perpendicular direction for the

,f3x,/-3 R30 ° C1/Ni(111) is larger than that for the c(2x2)C1/Cu(001). In chapter 4, we



143

also presented a model to predict the adsorbate-atom vibrational anisotropy from structures

and to link the structural and dynamic information.

• ARPEFS, LEED, and SEXAFS studies often give different structural results for

the same adsorbate system. This difference is sometimes beyond the standard error of

each technique. For example, studies on the p(2x2) S/Ni(111) system using several

different techniques showed rather different _sults for the vertical distance of S to the f'ast

Ni layer S-Ni(l), ranging from 1.40 to 1.66/_.1-6 However, most ARPEFS studies

agree better with LEED studies than with SEXAFS. The distances of adsorbate to the first

substrate layer frc.r:_ SEXAFS studies on both p(2x2) S/Ni(II1) and ,¢r3x-_rJR30 °

CllNi(111) systems tend to be larger than the results obtained from LEED and ARPEFS

studies. This suggests some sort of unknown systematic errors among these techniques.

Thus, it is important to resolve those errors which cause the discrepancies among the three

methods. The scattering phase shifts may be one of the possible errors. However, this

error is negligible in EXAFS studies because EXAFS analyses can use experimental phase

shifts. Since the exact phase shifts are unkown and there is no standard method to judge

them, any calculations using theoretical phase shifts have unknown systematic errors.

Therefore, further improvement on phase-shift calculations is needed to reduce sy_teznatic

errors, which should resolve some discrepancies.

In chapters 2 and 3, we have shown the advantages of using low-temperature

ARPEFS for studying the surface and the near-surface structures. Our experiments were

performed at 110-120 K using liquid nitrogen cooling. However, with liquid helium

cooling, temperatures can be as low as 10-20 K. At such temperatures, the low-
v

temperature effect of ARPEFS is more prominent. Thus, future ARPEFS studies using

liquid helium cooling are required for obtaining more accurate structural information for

the deeper layers, further testing the depth sensitivity of ARPEFS. More importantly,
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liquid helium cooling allows one to study physisorbed atomic or molecular adsorbate

systems using low-temperature ARPEFS.

It would be ideal to take %curves as a function of temperatures for temperature- •

dependent ARPEFS studies. However, it is impractical because of limited beam time and
t,

experimental difficulties. In chapter 4, a study of surface-atom vibrations was made using

temperature-dependent ARPEFS at two different temperatures, 300K and ~ 110K. In the

future, it would be interesting to perform experiments at temperatures higher than the room

temperature or at the liquid helium temperature for further studying the temperature effect

on surface-atom vibrations. More interestingly, for some adsorbate systems, one may

observe phase transitions during temperature changing, lt is challenging to study the

phase transitions of such adsorbate systems. As we discussed in chapter 4, both ARPEFS

and SEXAFS are less direct in studying surface-atom vibrations. The more detailed and

quantitative surface-atom vibrational information can be obtained with combinations of

other techniques such as He scattering 7 or EELS. 8

Although an automatic routine for searching many parameters at a time speeded up

our data analyses, a large amount of calculations using different initial guesses and bounds

had to be taken to avoid local minima. For the systems with many variables, it is still a

long process to obtain the optimum parameters. In comparison with SEXAFS, ARPEFS

data analysis indeed takes much longer time. However, because of its depth and

directional sensitivities, ARPEFS can provide some new structural information which

SEXAFS can't. For example, ARPEFS can obtain the accurate structural information

including the fourth substrate layer in a study of c(2×2)Cl/Cu(001) (Ref. 9) and

distinguish two different kinds of three-fold adsorption sites for the ,f3×_f-3 R30 °

CI/Ni( 111) (Ref. 10).
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In general, ARPEFS is more precise in analyzing detailed structures such as small

relaxations or reconstructions on and near surfaces than SEXAFS, and simpler than LEED

• in theoretical modelling, but more complicated in experimental details. In this thesis, we

use the advantages of ARPEFS to obtain the accurate structural and near-structural
,P

information including deeper layers. A scientific approach using multiple techniques is

required to understand more complicated systems.
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