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Local Surface Structures of c(2x2) S/Ni(011)
and (2X2) S/Ge(111) Determined Using ARPEFS

Steven Wayne Robey

ABSTRACT

Angle-resolved photoemission extended fine structure (ARPEFS)
measurements were performed on the c(2x2) S/Ni(011) and (2x2) S/Ge(111)
systems. The S/Ni{011) system was stﬁdied to assess the extent to
which surface structural information caﬁ bé obtained from ARPEFS and to
provide a large data set for comparison to recently developed multiple-
scattering calculations. The results of that study indicate that

-ARPEFS is not only capable of producing reliable information concerning
the major features of the adsorption site-- sulfur adsorbs in a
rectangular hollow site 2.20 A above a second layer Ni atom-- but can
also detect relaxations induced by chemisorption. Thus, an expaﬁsion
of the first Ni interplanar separation (11%) previously indicated by-
ion scat;ering experiments was confirmed, and a further reconstruction
consisting of a buckled second NI layer was suggested.

The S/Ge(111) stﬁdy extended the ARPEFS investigations fo a
previousiy unstudied system and also provides the first application of
ARPEFS to a semiconductor substrate. The choice of (2x2) S/Ge(111) was
partially motivated by the results of a SEXFAS measurement performed on
the similar (2x2) Te/Ge(111) system. That study indicated that Te
adsoEbs on Ge(111) in a 3-fold surface site directly above a second
layer Ge atom. The results of the ARPEFS invéstigation indicate that

sulfur adsorbs on Ge(111) in a 2-fold bridge site, 1.03 +0.05 A above



the first Ge layer. This is different from the site determined for

Te/Ge(111), but agrees with the adsorption sites proposed for
Te/Si(111) and Se/Si(111). The data also indicate a contraction (9%)
in the first interplanar sepahation (the sgparation of the two
components of the first bilayer), and an expansion of 7 23 % in the
bond lengths between the Ge bilayers (2.60-2.65 A versus a bulk value
of 2.45 A). This last result appiies to the bonds which are most

nearly below the 2-fold adsorption site.
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CHAPTER 1

General Introduction

Angle-resolved photoemission (ARP). is well known as a probe
surface electronic structure. An increasing number of studies havé
also used this technique to deduce surface atomic structure.1_u
Surface structural information is contained in ARP due to final state
interference caused by scattering of the photoelectron from neighboring
atoms.

Two experimental variants have been employed to measure these
interference effects. Azimuthal photoelectron dif‘f‘r‘action2 is based on
measuring the oscillatory structure in the photocurrent as the electron
emission angle is écannea, while keeping the photon energy constant.

An alternate method, used in this work, is variable-energy
photoelectron diffraction. This technique consists of performing a
constant initial-state scan for a core level, with the electron
emission direction held fixed. Originally this method was called
normal photoelectron diffraction.3’u More recently, the name angle-
resolved photoemission extended fine structure (ARPEF‘S)1 has been
employed to better acknowlédge the analogy to EXAFS and the advantages
of non-normal emission directions.

Early studies of variable energy photoe;ectron diffraction were

successful in determining a number of surface str‘uctur'es.3 Extraction

of structural information in these studies was implicit, in being based



on comparisons of the data to LEED-like multiple scattering

calculations.5 The attractiveness of ARPEFS was recently enhanced by a

study which indicated that Fourier transforms could be employed to .
facilitate explicit data analysis, yielding more direct access to
structural infor'mation.1 That study, along with the presentation of a
theoretical model based on a more EXAFS-like cluster approach6 to
describe the scattering, led to the name ARPEFS.

The work described in this thesis was designed to further evaluate
the application of the ARPEFS technique for obtaining surface
structural information, while at the same time performing these studies
on systems which would in themselves provide interesting results.

In Chabger 4, we report ARPEFS experiments performed for
photoemission from the S(1s) level in the system c(2x2) S/Ni(011).

This research was motivated by several goals. First, the c(2x2)
S/Ni(011) was chosen in part because it has been wellvstudied in

7’8and ion—scatter‘ing9 experiments. This system therefore

previous LEED
provides a stringent test for ARPEFS to generate a unique, accurate,
and correct surface structure. In this context, for example, thé ion-
scattering analysis indicated an expansion of the first Ni interplanar
separation by 6%. Thus the ability of ARPEFS to confirm this result
would provide strong support for the capacity of this technique
toprovide reliable surface structures.

Second, the analysis of the ARPEFS x(k) curve (defined below) can

be performed at three levels of increasing sophistication. Two of

these are analogous to standard EXAFS analyses. The first is based



simply on Fourier transforming (k) to form a spectrum, F(r), with
intensities at various "path length differences". These distances can
then be compared with expectations based on trial geometries. The
second, more quantitative; level consists of selecting a peak in F(r)
that arises mostly from one path length difference, if one is
available, and back-transforming to derive the value for that distance.
At the third level, the ARPEFS curve is fitted with a theoretical curve
for which structural parameters are thereby optimized. Qur goal in
analyzing the c(2x2) S/Ni(011) data is to ascertain ﬁhe extent and
validity with which structural information can be obtained from each
level of analysis. Until now this'question has been uncertain and even
controversial, for lack -of adequate data.

Finally, previous ARPEFS studies1’10 have concentréted on data .
taken for high symmetry crystallographic directions. However, there is
no reason to expect that the adsorption site will maintain the bulk
symmetries, especially when considering more complicated systems. This
study has attempted to select experimental geometries which help
elucidate the surface structure. In this work, experimental geometries
were chosen to test proposed structureé by collecting ARPEFS data for
angles which have increased sensitivity to selected atoms.H This
study is the first investigatioq to be performed employing experimental
geometries based on the local structure of the adsorption site rather
thanithe crystallographic symmetries of the bulk substrate.

The second study, (2x2) S/Ge(111), applies the technique to a

system for which no previous structural information exists. This

A



system was chosen for a number of reasons. The directional bonding in
covalent semiconductors, leading to the concept of "dangling bonds" at
the surface, presents more interesting possibilities for investigations
of chemisorption on these surfaces than is typically found for metallic
substrates. Second, while the S/Ge(111) system has not been studied,
similar systems have been investigated. Previous experiments employing
surface-extended x-ray absorption fine structure measurements were
performed for Te/Ge(111) and Te/Si(111).12 The results of these
investigations indicated an interesting deviation from the exbected
adsorption behavior-- based on a very simple model-- for the
Te/Ge(111) case. Since the ARPEFS technique is best used in a mode in
which possible surface structures are tested, this preVious information
allowed for the design of an experiment which could at the very least
answer the questidn of whether or not sulfur adsorbs in the same site
as that proposed for Te on this surface. |

Another attractive feature of the S/Ge system is the absence of
numerous strong Auger peaks in the ehergy range of importance in the
measurement of ARPEFS (- 50-400 eV)-- this makes the data reduction
much less painful. Also, the region of photon energy necessary for
studying photoemission from the S(1s) core level is relatively free of
edge structure and Ycrystal glitches" on the double-crystal

13

monochromator employed in these experiments. Finally, Ge has a
backscattering amplitude which is similar to that found for Cu or Ni,

SO0 that the results of previous ARPEFS experiments gave hope for



reasonably iarge ARPEFS oscillations if backscattering geometries were
used.

The remainder of this thesis is organized as follows. Chapter 2
provides a descriptive overview of the fundamental ideas necessary for
understanding the origin of ARPEFS and the extraction of structural
information from measurements of the fine structure. Chapter 3
provides an explanation of the experimental set-up and methods of data
collection and reduction. The measurement and analysis of AREEFS for
the system c(2x2) S/Ni(011) is described in Chapter 4, while Chapter 5
describes similar measurements performed for the (2#2) S/Ge(111)
system. Chapter 6 provides conclusions which can be drawn from these

experiments.
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CHAPTER 2

Theory

2.1 Introduction

Surface structural information is‘contained in angle-resolved
photoemission measurements due to fiﬁal state interference effects
caused by scattering of the photoelectron from neighboring atoms. This
information can be extracted by performing an ARPEFS (Angle-Resolved
Photoemission Extended Fine Structure) measurement. This experiment
consists of measuring the angle-resolved bhotoemission intensity from a
core level of the adsorbed atom or molecule as a function of the
photoelectron kinetic energy. The measured photoelectron current
oscillates as the photoelectron kinetic energy is varied. This is
oaused by interference between that part of the emitted photoelectron
wave which travels directly to the detector and that part which
propagates first to a neighboring atom, where it is elastically
scattered toward the detector. The path length difference for these
two propagation paths leads to a phase difference between the two
components at the detector. As the photoelectron kinetic energy is
increased, this phase difference increases, resulting in a series of
méxima and minima in the photoemission intensity.

Theoretical treatments of ARPEFS, or photoelectron diffraction,

have been presented by several gr'oups.1 5 The degree of sophistication



has varied from simple single scattering cluster models to fully

dynamical treatments derived from LEED theory. Work by Barton et

al.S’6 provided approximations which allow one to include important

multiple-scattering and spherical wave effects while retaining the

physical insight offered by a cluster approach, thus providing a bridge
between the two extremes. For completeness, this chapter will provide
an overview of the important physics behind ARPEFS. More detailed and
rigorous accounts can be found in the previously cited references.
Section 2.2 will provide a qualitative discussion of AﬁPEFS starting
with a simple model and present the major conclusions that have been
derived from previous studies. Section 2.3 will then provide an
explanation of the approximations cénsidered in Refs. (6) and (7), and
which were used to include spherical wave effects in calculat;ng ARPEFS

presented in later chapters.
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2.2 ARPEFS theory

Because we are concerned primarily with presenting the major
qualitative ideas that can be extracted from detailed theories of
ARPEFS, wé will begin by presenting an expression for x{k) which is
derived with some simplfying assumptions. These involve representing
the photoelectron wave at the scattering center using the plane wave
approxima‘tion8 and including only single scattering. The derivation
provided is more schematic than rigorous. After considering the
implications of this simple model, we will discuss the modifications
that must be considered when the dominant effects of multiple

scattering are included.
2.2.1 Single scattering

We begin by considering the simple system illustrated in Fig. 1.
A soft x—-ray photon is incident on an adsorbed S atom, leading to the
excitation of a photoelectron from an inner core level. The wave
function for this outgoing photoexcited electron at ﬁosition ; is given

by
W(F) = ALo(K) Y a(r)h, (kr) (1)

with the assumption of photoexcitation from an s initial state. The

photoexcitation (dipole) matrix element, A,,(k), is assumed to be
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slowly varying as a function of the photoelectron kinetic energy (or
wave number, k) for this initial state. The function h,(kr,) is a
spherical Hankel function of the first kind for 1 = 1, and YI:(;) is a
spherical harmonic for 1,m = 1,0.

The photoelectron wave incident on the Ni scattering atom at ﬁj is
given by

VR = Ao (k) Yaa(rOe Ry, (2)

J J J

where it is assumed that kRj >> 1. The scattered wave at point ﬁ
emanating from this point is then given by

ikR,

> * - ikp
Y(R) = A o(k) Yxo(Rj)e J/kRj(k f(ej)) e “/kp, (3)

ikR

il

%7 ik|R-R
1 s s O
Ao (k) Y10 (R, e J

. | > >
. . /%|R-R.]|,
J/RJ(f(BJ)) e IR RJ|

where ﬁ = §j + ;. The scattering of the photoelectron from the atom at
Rj is represented by the complex scattering amplitgde, f(ej), for
scattering through an angle ej. This scattering amplitude is a
function of the phase shifts for the particular potential at ﬁ.. For
example, in the plane-wave approximation, for which the curvature of
the incident photoeiéctron wave across the scattering potential is

neglected, the scattering amplitude assumes the familiar form

. 218
f(ej) = 1 (1/721k) (7771 - 1)(21+1)Pl(cosej). (4)
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At the position, §, of the detector the total wave function can,be

written
> > >
Y(R) = Po(R) + ws(R), : - (5)
with wo(ﬁ) representing that part of the photoelectron wave which

propagates directly to the detector, and ws(ﬁ) giving the scattered

contribution. The photocurrent measured by the detector is given by

v (R)w i) | (6)

g
i

* > > * > > * > > * > >
Yo (R)Yo(R) + wo(R)ws(R) + ws(R)wo(R) + wS(R)wS(R)
Neglecting the scattered-scattered components and forming
* *
X = VU /Yy, — 1 (7)

gives

2 Re (bou) /Voba (8)

cosg |f(@j)l
= ‘ ' k(R.-R, . X
cos (k( j JcosOJ)+¢J)

x (k)

cosY R.
J

Summing over scattering from atoms which are near the adsorbed

‘atom and including terms to account for inelastic losses leads to
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cosB, |f(@8.)]
x(K)=2 I, J

5 TosY R cos(k(Rj—choseJ)+¢j) (9)

J
- - 2 - 2
< e ARJ/A e-°j (1 co§6j)k

As indicated, the summation is over all atoms near the adsorbed
"source" atom from which the core level photoemission is being
measured. The angle Bj is measured between the photon polarization
vector and the vector connecting the emitting and scattering atoms, Rj
‘is the bond length between the emitting and j-th scattering atoms, and
Y is the angle between the polarization and the electron emission
direction. The j-th scattering atom is characterized by a complex
scattering amplitude, f(@j) = If(Oj)I ei¢j. Both the magnitude of
f(Oj) and the phase, ¢j’ depend on the scattering angle, ej, and the
photoelectron wave number, k. The émission angle dependent path length
difference is given by ARj=Rj-chost. Inelastic damping due to
thermal vibrations is included using a Debye-Waller term, where 03 is
the mean-square relative displacement between the emitting and
scattering atoms, projected on the photoelectron momentum change
direction. 1Inelastic losses due to excitation of plasmons and
electron-hole pairs by the energetic photoelectron are incorporated in
an electron mean-free path, X.

Each term in the summation represents the ARPEFS due to
interference between the direct wave and the wave scattered from a
neighboring ion core potential, as described previously. The

cosinusoidal factor has a frequency given by the path length difference
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for that scattering event, with an additional small contribution to the

phase from the complex scattering amplitude. These oscillatory

functions are multiplied by angle and energy (or wave number) dependent

amplitudes.

by a number of factors:

The amplitudes for given scattering atoms are determined

2,5

(1) The finite electron mean free path, the lower correlation

(2)

(3)

of thermal vibration at larger distance, and the 1/rj
dependence of the oscillation amplitude all act to limit
strongly the number of atoms which contribute
significantly to the ARPEFS. Thus the ARPEFS is

dominated by the local atomic structure.

The scattéring amplitude If(ej)l is peaked in the forward
and backscattering directions, with only weak scattering
for angles in between. Thus, atoms which provide near
backscattering will usually produce large intensity
modulations in yx(k). Structure at low ARj values due to
near—-forward scattering will become important for near-

grazing emission or for sub-surface adsorption.

The factor cos Bj arises from the orientation of the
photon polarization with respect to the vector from the
emitting atom to the scattering atom. This factor

determines the amplitude of the photoelectron p-wave that
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is incident on the scattering center. Orientation of the
polarization such that the bond vector for a particular
scattering atom lies in the nodal plane of the p-wave
final state will lead to negligible intensity for that

scattering path length.

Two major conclusions can be drawn from this discussion. First,
scattering involving near-neighbors and near-backscattering will
produce strong ARPEFS modulations. Secondly, specific atoms can be
enhanced relative to others by proper choice of the photon polarization
direction.

As indicated earlier, however, these-conclusioné were derived
based on a model which incorporated some simplifying assumptions.
Comparisons by Tong et al.1 of fully dynamical calculations to
kinematic theory indicated that the simple single scattering model used
to derive these conclusions is inadequate for a quantitative
description of ARPEFS.” The recent studies of Barton et al.s’7 also
indicate that multiple scattering is important in many cases. We will

now discuss what modifications are needed when multiple scattering is

considered.
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2.2.2 Multiple scattering

Because of the strong peaking of the scattering amplitude in the
forward direction, the dominant multiple-scattering events will be
those which include forward scattering. The quasidynamical theor'y10 of
Tong et al., which included all single scattering events and all orders
of forward multiple scattering, gave curves essentially identical to
those produced with their fully dynamical theory for photoelectron
energies above 160 eV.1 Since additicnal near-forward scattering
events Will introduce practically no extra path length difference, the
inclusion of multiple scattering wili serve primarily to enhance the
amplitude of a single §cattering event when that event is proceeded or
foliowed by forward scattering. The additional forwand scatﬁering
events act to focus the electron amplitude along the forward direcﬁion.
Since backscattering will always be followed by a subsequent forward
scattering through the emitting atom, we can see that multiple
scattering w;ll serve to enhance backscattering events even more
strongly than is predicted for a single scattering theory.

In addition to this modification-of the single scattering
amplitude, there will also be additional contributions to the
scattering phase shift for each additional forward scattering event. A
correct determination of the amplitude enhancement and forward
scattering phase shift requires the consideration of another Qf the
approximations described above. The study by Barton et al.6 of the

effects of including the curvature of the photoelectron wavefront
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across the scattering potential versus treatment by the plane wave
approximation indicated that correct treatment of spherical wave
effects is necessary for near-forward scattering. Thus, considering
the above discussion, the correct inclusion of the dominant multiple
scattering effects requires a treatment which goes beyond the plane
wave approximation. Attempts to treat multiple scattering within the
plane wave appfoximation give results which are nearly as inaccurate as
those introduced by completely'neglecting the multiple scattering.
Again, this is because the dominant multiple scattering effects involve
forward scattering, and it is these events which are most poorly
described by an approximation based on neglecting the wavefront
curvature.

An exact treatment of spherical wave effects with multiple
scattering rapidly becomes computationally unreasonable for higher
kinetic-energies. Barton et al.6 have developed formulas for
calculating spherical wave effects with successively higher levels of
approximation. This allows the inclusion of a correct treatment of
’multiple scattering while maintaining the physical insights afforded by
a cluster approach to the scattering. The next section will provide a
brief discussion of the form of these approximations and the motivation
behind them. Other investigations of spherical wave effects and
approximations to include these effects can also be found in the

lit:er'atur'e.”—13
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2.3 Spherical wave approximations

This section will provide a brief explanation of the
approximations employed in calculating theoretical ARPEFS curves for
comparison to data in this thesis. This discussion is based on the
conclusions indicated by the detailed account which can be found in
Ref. (7).

Starting with the Lippman-Schwinger equation for scattering from
the crystal potential, and with the crystal assumed to consist of non-
overlapping mgffin—tins at §j represented by individual scattering t-
matrices, t., the required wave function at position ﬁ is given by

W(R) = G0, + T Got Gy * ... (10)

I

Here ¢I is the wavefunction for the excited photoelectron for the case
of no scattering and G, is the free-electron propagator. Additional
terms would include higher order scattering. Since the approximations
that we will be discussing concern the form of the scattering
amplitude, f(ej), we can concentrate this discussion on the second,
single-scatteringkterm in Eq. 10. Furthermore, we will concentrate
primarily on the functional form of this term for various
approximations.

With the coordinates as defined in Fig. 2,'the single scattering

term becomes



19

Got Gody (11)

*A
[ dridr? co(ﬁ—Fl)cj(?l-ﬁj;Fz—ﬁj>kn1(kr2>y,o(r2>Alo(k)
where
*A
GOQI = khl(er)Ylo(PZ)Alo(k) (12)

with the assumption of‘an s initial state and A,,(k) as defined in
Section 2.2, The integrations over ;, and ;2 are restricted to the
muffin-tin of the scattering atom.

To proceed from this point, several aproximations can be employed.
The plane-wave appr‘oximation,8 which hés proved useful for descriptions
of EXAFS, consists of assuming |
iE-(FZ—ﬁj)

h, (kry)Y s (ry) = hl<kaj)ylf<§j> e (13)

> >

* ~ i .
= 1y (KR )Y (R)) etk P2

The outgoing spherical wave is represented as a plane wave with the
amplitude and phase of the spherical wave at Ej'
If we employ the expansion
R 4

k.') ] ) % ~ A

where L = (1,m) and also use
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>

Go(R-R.-p,) = (15)

J
> >

-2ik Eljll(kpl)YLt(sl)hll(klﬁ—ﬁjl)YL1(§-§j/|R—R3|)

and define1u
t.(3102) = E b (91,p)Y, (p1)Y, (p2) (16)
J 2 Jiz 2 2

then following, for instance, the treatment of Ref. (15) leads to

Gotjc;ocpI « ' (17)
> 2 > 2 > > - 2 i 218 ;
£ h (k][R le)YL(R Rj/IR Rj|)YL(Rj) k2(1/2ik)(e“"7°1 - 1)

X h1(kRj)Y1°(RJ)A15(k).

Now, using the fact that klﬁ—ﬁj} >> 1 and the addition theorem for

spherical harmonics, gives

GotjG°® o« ‘ (18)

> >

(eiklR—le 8

> > Y-S £ I .
/k[R—le] (f x*(1/21k)(e7°1 - 1) (21 1)Pl(cosej)}

X h1(kRj)Y1°(Rj)A1°(k).

If we let h,(kRj) = elkRj/kRj, then this is exactly Eq. 3 of
Section 2.2 with
ié

2
f(ej) = E (1/72ik)(e"™" 71 - 1)(21+1)Pl(cosej), (19)
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the scatterihg amplitude for an incident plane wave,

A different approximation which more accurately accounts for
spherical wave effects was used in Auger angular dependence studies by
MeDonnel et al.16 and also studied for ARPEFS by Barton.7 It consists

of making the substitution
LI ikr * -
hy(kry)Y,o(r,) = e " 2/kr, Yo (R;) | (20)
instead of the plane wave approximation of Eq. 13. Then using-

efKT2 pn L3 ik 3. (kp,Oh. (KRDY. (p,)Y. (R.) (21)
Z—E Jl p2 l J LpZ I_u j’

> > >
where as before r, = Rj + p,, We obtain

Cot ;Gooy ‘= (22)

ik|R-R.| (2.2 y,2i6
(e i'/x|R le) {f k2(1/2ik)(e“"°1 1)(21+1)Pl(cosej)hl(kRj)}

X Y,O(RJ)A,O(k).

With hl(kRj) = elkRj/kRj (dl(kRj)); this gives again the form of

" Eq. 3, but with a‘different scattering amplitude7

: . 2i8
f(ej) = E (1/2ik) (e 771 - 1)(21+1)Pl(cosej)(dl(kRj)). (23)
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The reason for considering these approximations in the first place
can be seen by examining the expression that results from an treatmént

employing the exact expansion for the outgoing spherical wave

By (Kr,)Y o (r,) = (21)

1 NN * -
Ym E,Ll i e(L,L,;1,0) hll(kRj)YLl(Rj)Jl(kpz)YL(pz)

where

* " ~ *
c(L,L,;;1,0) = J Y (k)Y (k)Y,,(k) dg, . (25)
L L, k
This leads to an expression for the scattered wave given by
Goch°¢I = (26)
ik|R-R. | '
i - > > > > > >
e j'/k|[R-R. Y (R-R./|R-R, c(L,L,;1,0)
( SUk(R-RGL) LE Y (RRG/JR-R]D 2 :

x k2(1/2ik) (e2181 - 1)hl(kRj)Ylo(§j)} A, (K).

The increased complexity of this formula, due to the double
summation over L and L,, is easily apparent. In practice the sums on
L,L, are truncated at values L for which 6,(1 > 1 ) ~ 0. For

max 1 max
LEED theory, which typically includes energies up to ~ 250 eV, 8-10
phase shifts are sufficient. This allows the sum to be truncated for 1
> 8-10. However, the ARPEFS experiments presented here often involve

photoelectron energies up to ~ 450-500 eV, thus requiring 15-20 phase

shifts for convergence. Also, the inclusion of multiple scattering
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leads to further computational compiexity in Eq. 26. ‘When highef than
single scattering is considered, the integrals c¢(L,L,,L,) depend on all
three indices since the incoming sphericai wave 1s no longer restricted
to L, = (1,0). Thus, the combination of high kinetic energies and
multiple scattering rapidly makes calculations employing Eq. 26
computationally time consumming and costly. On the other hand, the use
of the simple plane-wave approximation popularized for EXAFS is also
unacceptable due to the presence of strbng forward scattering,
multiple-scattering effects in ARPEFS in many cases.7’17
A means of overcoming this difficulty was presented in Refs. (6)
and (7). Those studies showed that the homogenous wave model of Egs.
20-23 provided a very good approximation to the exact form in most
cases. This model produced much better results than the plane wave
approximation for near forward scattering where spherical wave effects
become important. Further, by examing Eq. 26, we can see'that‘if we

~

*
assume Y,,(k) in the Gaunt integral can be approximated by
* * ~
Ylo(k) = Ylo(Rj)y (27)

then the exact form is reduced to the homogenous wave model. ‘Thus, by
introducing a Taylor series expansion for Y;:(;) about §j18 in the
Gaunt integral, Barton produced a series which reduces to the
homogenous wave form (Eq. 22) and which can be used to systematically
include higher lévels_of approximation. For convienence, a rotation to

-~

a coordinate system with the z-axis along Rj7 is performed so that the
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Taylor series expansion is always performed about O = 0. All of the
calculations performed in this thesis for comparison to experimental
ARPEFS used a level of approximation which included the first two
additional orders above the zero-th, or homoéenous wave, approximation.
Futher discussions of the character of this approximation as well as
other details of the calculations, such as the treatment of thermal

effects and experimental resolution, can be found in Refs. (5) and (6).
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This figure illustrates the important aspects of the
scattering leading to ARPEFS. The incident soft x-ray photon
excites a photoelectron which then scatters from neighboring
atoms. Thé ARPEFS is caused by interference between the
direct wave and the scattered wave at the detector. The
angle a, is the scattering angle of the photoelectron and the
vector ﬁj gives the position of the scattering atom. The
scattering is represented by the complex scattering
amplitude, f(ej) = |f(6j)| ei¢j. The angles Sj and Y (not
shown) are the angles between the photon polarization and ﬁj
and between the polarization and the vector to the detector,

respectively.

This figure defines the coordinates referred to in the text.

The radius Rm represents the muffin-tin radius of the

t
"source" atom, and also the scattering atom at position ﬁj.
The vector ﬁ gives the position of the angle and energy

resolving analyzer.
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CHAPTER 3

Experimental Details

3.1 Introduction

The purpose of this chépter is to present a description of the
experimental details of the measurements of ARPEFS to be described in
later chapters.' A schematic illustration indicating the major
components of an ARPEFS experiment-- synchrotron source, monochromator,
and UHV chamber and electron analyzer—-- is given in Fig. 1. This
discussiod.will center on those aspects which are common to all of the
measurements—-- details which are specific to a given system will be

discussed in the chapters pertaining to those systems.
3.2 Experimental equipment

This section will provide a description of the facilities at the
SPEAR storage ring and the UHV experimental chamber employed for these
measurements, A detailed description of.the beamline and monochromator
can be found in Ref. (1), while more information on the chamber and

analyzer is contained in Ref. (2).
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3.2.1 Synchrotron facilities

These experiments were performed using synchrotron radiation from
Beamline III-3 located at the Stanford Synchrotron Radiation
Laboratory; On this beamline, synchrotron radiation from the SPEAR
storage ring is incident on an approximately toroidal Pt ccated mirror
which deflects the beam by 2°., This reflection introducesva high
photon energy cut-off at ~ 4.5 keV. The toroidal shape provides both
horizontal and vertical focussing at a distance of 28 meters from the
SPEAR éource. The focussed beam measures 5 mm in the horizontal
direction and 1 mm in the vertical direction. The soft x—ray UHV
double-crystal monochromator on this beamline is described in detail
elsewhere.1 A selection of several crystal pairs can.be interchanged
without disturbing the UHV conditions. The allowed Bfagg angle raﬁge
of from 20°-80° enables the monochromator to cover a total spectral
range of 800-4000 eV. The Bragg angle rotations are coupled to a
change in the distance separating the two c¢rystals so that the outgoing
monochromatized photon beam maintains a fixed vertical height. For
most of the work presented in this thesis, Ge(111) crystals were used
to produce monochromatic x-rays in the spectral range from 2500 to 3800
eV. The resolving power of the instrument is 1.1 x 103. The
monochromator is also equippedeith a variety of filters prior to the
first crystal to reduce the power load on that crystal, and thus reduce
adverse effects due to crystal heating. Heating of the crystal causes

changes in the crystal d-spacing. This in turn causes a change in the
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Bragg angle, leading to energy shifts, and more importantly for this
work, beam position shifts. A series of adjustable slits follow the
monochromator and can be used to collimate the photon beam. The photon
flux after the collimating slits is measured by collecting the total
electron yield from a high transmission grid placed in the beam
immediately prior to the entrance to the experimental chamber. The
electron yield is measured by a channel electron multiplier connected
through a battery box to a picoammeter. The synchrotron radiation
entering the experimental chamber is 2z 98% linearly polarizéd.

The monochromator is equipped with a maximum search feed-back loop
to locate the proper Bragg condition for a given photon energy during a
photon energy scan. The crystals are first moved to the approximate
Bragg angle position and then one. crystal is automatically rocked
through a small éngle. The signal measured by a channel electron
multiplier and grid assembly is differentiated and a stop pulse is

provided when the maximum is located.
3.2.2 UHV chamber and analyzer

The UHV experimental chamber was described in detail in previous
work.2 It consists of two levels of instrumentation. The upper level
is used for sample preparation and characterization. It contains a
four-grid LEED system employed for both LEED and Auger measurements,
along with an ion gun for sample cleaning and a gas inlet system for

preparing adsorbed overlayers. The lower level contains the
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hemispherical electrostatic analyzer employed for collecting angle-
resolved>photoelectron spectra. This analyzer is mounted on a carriage
which allows rotations under UHV conditions of 360° about a vertical
axis and 100° about a horizontal axis.

The input lens to the analyzer consists of two three-element
Einzel lenseé, with a decelerating stage in between. The decelerating
stage allows the analyzer to be operated with a constant pass energy
and, thus, with a constant resolution given by2 0.006 £ PE. For ARPEFS
measurements, the quantity of primary interest is the intensity in the
core peak, so that resolution can be traded for incfeased counting
rates. For tﬁis reason, the analyzer was normally operated with a pass
energy of 160 eV, giving an analyzér contribution to the resolution of
~ 1 eV. The deceleration also determines the seénsitivity of the
instrument as a function of ﬁhe measurement enérgy, giving a
transmission that is theoretically proportional to 1/E for energies
above ~ 100 eV. The angular acceptance varies from * 3° at low energy
(50~100 eV) to = 1° for higher energies (>300 eV). An additional
important feature of the analyzer is the use of a microchannel plate
detector coupled to a resistive position sensitive anode to provide
muitichannel data'aécumulation. This provides an increase of >10 in

the collection efficiency over single channel collection.
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3.3 Data collection and reduction

The ARPEFS experiment consists of measuring the angle-resolved
photoemission intensity from a specific core level-- usually a core
level of an adsorbed atom on a clean, single crystal surface-- as a
function of the photoelectron kinetic epérgy. Thus, for each
experimental geometry, a series of photoelectron spectra with
increasing kinetic energies are collected using a 15-20 eV energy
window which includes the core level of interest. The window width
should be chosen to include adequate segments of background on either
side of\the photoelectron peak to allow proper fitting (to be described
below) to determine the peak intensity. The energy range of the
experiment normally extends from 50 -400 eV above the core level
threshold: This range is covered with 70 -100 spectra which; on the
average, take 10 -15 minutes collection time apiece to acquire adequate
statistics. This then requires a total data collection time of 10 -24
hours, depending on the system studied and the synchrotron beam
conditions. ‘This includes only actual data collection time and does
not include time spent for new fills of the SPEAR storage ring which
occur during the experiment. For use in later fitting and
normalization, a background spectrum is accumulated for the total 400-
500 eV kinetic energy range that is to be measured, consisting of a
spectrum taken with the photopeak at lower kinetic energies. This
provides a measurement of the secondary background not associated with

the photopeak in the experimental energy range. Fig. 2 shows a typical
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measured inelastic background with a representative core level (S(1s))
spectrum in the inset. The solid lines represent thé result of a fit
to the core peak as described below.

The reduction of these data then requires extracting the intensity
in the core peak and normalizing for the photon flux. The peak
intensity is extracted by fitting to a model which empldys a gaussian
to describe the photoelectron peak, a gaussian step function to model
the inelastic electrons associated with this peak, and either the
empirically measured background or a polynomial function to model the
remaining background due to other secondary processes. The final
results are not greatly affected by the particular model (peak shape,
background function, etc.) used in the fits. This is because the
ARPEFS information is c&ntained in the relative change in the measured
intensity so that all that is required is a model which provides a
consistent measure of this intensity. For instance, since the peak
width is approximately constant, a prel;minary analysis of the ARPEFS
can be accomplished by simply using the peak height above the
background. This is useful for inspecting the data during the
accumulation of the scan. The use of different reasonable models for
fitting will typically produce results that vary on the 2 —3\% level.

The necessity of accurately determining the peak area leads to
restrictions on the materials which can be conveniently studied by
ARPEFS. Elements with several strong Auger transitions producing Auger
peaks in the energy range from 100 - U400 eV often make data reduction

extremely difficult, if not impossible. This is the analog of the
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.problems encountered in SEXAFS measureménts based on monitoring Auger
emission when a photopeak passes through the Auger window. This
problem may be avoided by performing ARPEFS measurements using core
"levels with binding energies less than those which give rise to the
Auger transitions.

The intensities obtained by fitting must be normalized for the
incident photon flux. This normalizat;on is important primarily for
removing sharp changes such as thosé.due to monochromator crystal
"glitches" or new fills of the SPEAR storage ring. Two different
methods have been employed in this work. The first method consists of
using the flux measured by the channel electron multiplier and grid
assembly mentioned above. A suitable chdice of grid material must be
made to ensure that there is no structure in the grid absorption in the
experimental range (i.e. no absorption edges). This measurement must
then be corrected for the absorption of the grid in this range. 'The
advaptage of this method is its simplicity. However, because the grid
is_typically mugh larger than the sample, this measurement is not
sensitive to smali beam movements which lead to changes in the actual
flux at the focal point of the input lens of the analyzer. Thus, new
fills of the storage ring can result in discontinuous jumps in the
ARPEFS curve due to beam movement. Several data points (5 -6) should
be repeated after each fill so that the results from the two fills can
Se scaled appropriately. Also, the present data acquisition programs
sample this flux measurement at only three points during the

accumulation of a particular spectrum. Because of the rather long
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collection times, the photon flux can vary significantly during this
period, especially under noisy beam conditions. This could be improved
by accumulating a running average of the flux monitor throughout the
collection of each spectrum.

Another method of normalization necessitates the use of the
empirically measured background spectrum in the fitting process. This
spectrum must be accumulated during a period of time when the photon
flux is not rapidly changing, so thaﬁ it is performed with
approximately constant flux. Subsequently, when the fits are performed
to extract the photopeak intensity, the scale factors between this
background spectrum and the individual spectra in the ARPEFS scan
determined from the fit provide the scale factors between the flux for
each data point normalized to the flux for which the background ‘
spectrum was taken. At its best, this method typically provides a
smoother result than the measurement employing the high transmission
grid and also produces better fill-to-fill normalization. However, it
too can be sensitive to beam movement which causes a change in the
background function from the measured oné. Also, since the background
spectrum is typically measured in segments with a single or several
widely spaced photon energies, rapid changes in the secondary
background with photon energy due, for instance, to core thresholds in
the substrate also produce problems. The sample mounting can also
affect the.results obtained using this normalization method. For the
experiments presented here, the samples were mounted on Ta sample

plates because of the high temperature stability of Ta and the ease of
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spot~-welding to this material. However, on several occaisons structure
in the kinetic energy range of 150 -220 eV has been observed in the
background, which was sensitiye to changes»in sample and beam
positions. These effects were severe enough in some cases td render
the embirically measured background function uséless for fitting.
Thus, because of the large beam spot size in the horizontal direction,
it is important to use as large.a sample as possible, and to mount the
sample .in a manner that completely ensures that only electrons emitted
from the sample material enter the analyzer. This should be coupled
with careful collimation of the photon beam prior to beginning the
experiment. ’

In essence the two methods of‘normalization are similar in
nature—-- the measurement of the empirical background function amounts
to replacing the total yield measurement from the grid with a very
restricted partial yield measurement from the sample to determine the
flux. Neither method adequately accounts for beaﬁ movement so that
this problem must be»solved by maintaining thevbeam in the same
position throughout the scan 5y constantly re-optimizing the sémple
count. rate, assuming that the sample was properly aligned at the start
of the scan. Also, it is important in this respect to allow the first
monochromator crystal to reach an equilibrium temperature after a new
fill since there are large beam movements during this preliminary
heating period.

There have been several proposals for schemes to reduce the

problem of beam movement and energy shifts on this beamline, which must
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be accomplished by reducing the problems of changes in temperature of
the first crystal. These include either heating the crystal to
maintain it at constant temperature or empirically determining the
magnitude of the effect as a function of, for example, the beam current
in the ring and tﬁen providing proper corrections on this basis.
However, these proposals have existed for several years with no
results, so that it must be assumed that there will be no significant
éhange in the situation in the forseéable future. A possible
alternative to the manual re-optimization for each spectrum that is
necessary to correct for this problem would involve using an additional
maximum search loop after the one employed to determine the proper
Bragg angle condition. This maximum search would maximize the crystal
translation based on the total counts observed by the analyzer.
Possible problems with this scheme would involve the lack of a well
defined maximum for the proper beam position and the low signal level.
Once the‘photopeak has been properly normalized, the resulting
intensity as a function ofAthe photoelectron kinetic energy is, in
analogy with EXAFS3, 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. The total measured

intensity can be written

I(E) = (x(E)+1) I,(E). ' (1)



4o

Here I(E) represents the total intensity as a function of the
photoelectron kinetic energy,E, Y(E) is the oscillatory interference
function, and I,(E) is a slowly varying function.

I,(E) can contain contributions from several sources. In an
idealized experiment, I,(E) arises from the energy dependence of the
photoexcitation matrix element. Ho@ever, IO(E) can also contain slowly
varying structure introduced by data collection or reduction procedures
described above, as well as components of ARPEFS with small scattering
path lengths. Slowly varying structure can be introduced by the beam
movement alluded to earlier or by systematic changes in the fits due to
the change in slope of the inelastic electron backgroﬁnd or other
structure in the background. Because the exact form of I,(E) is
unknown, the low frequency structure is extracted by fitting the data
with a quadratic or cubic polynomial or a smooth cubic spline. The
unavoidable shortcoming of this procedure is that real ARPEFS structure
with scattering path lengths less than 1.5-2 A can be unintentionally
distorted or completely removed. This point will be further discussed
in the chapters pertaining to specific experiments.

With I,(E) determined as outlined above, x(E) can then be formed

-as
x(E) = (I(E)/I,(E)) -1. (2)

Other descriptions of this data reduction process can be found

elsewher‘e.u The extraction of structural information from this data
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can proceed by either of two methods—-- comparisons to theoretical
calculations or EXAFS-like Fourier transform analyses. Examples of

both methods will be discussed in the following chapters.
3.4 Experimental angle determination

The determination of the necessary angles comprising a particular
experimental geometry also deserves some comment. At present, these
angles are determined by aligning the crystal normal to a viewport 6f
the experimental chamber using He-Ne laser auto-collimation. The
angular position of this window is then used to set electron emission
angle (determined by the analyzer position) emplbying an angular scale
marked on the analyzer carriage. This could be improved by directly
aligning the crystal with the analyzer. A method of performing this
alignment, by mounting én alignment tube directly on the analyzer is
currently planned. This will allow positioning of the crystal directly
normal to the analyzer to be accomplished to much less than 1°. Since
the estimated erroré of 2-3%in the present procedure arise mainly due
to possible errors in the absolute positions used to determine the
relative angle between the crystal and the analyzer, and not to the
precision of movements.from the reference points, this should allow for

- emission angle determinations to within 1°.
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FIGURES

Fig. 1 Schematic illustration of the major components employed for
ARPEFS measurements in this thesis. Synchrotron radiation is
collimated at the entrance slit to reduce the bandpass. The
beam is then incident on a toroidial mirror which focusses in
two dimensions onto the sample. Prior to the sample, the
beam is monochromatized by Bragg reflection from a pair of
matched Ge crystals. The photoelectrons are collected in an

angle-resolving electron energy analyzer.

Fig. 2 This figure illustrates a typical measured inelastic
background. The inset gives a typical core level spectrum
along with the results of a fit to extract the peak area, as

" described in the text.
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CHAPTER U

An ARPEFS Investigation of c(2x2) S/Ni(011)"

ABTSTRACT

Measurements of the extended fine structure in the photoemission
intensity from the S(1s) core level were performed for a c(2x2)
overlayer of S on Ni(Ol11). Four experimental geometries were employed,
making this the most complete ARPEFS study to date. Surfage structural
information was extracted from the ARPEFS using a combination of
Fourier transform techniques and comparisons to multiple-scattering
calculations. The results of this analysis are in excellent agreement
with previous studies of this system indicating that S adsorbs in a
rectangular hollow site 2.20 *+.02 A above a second layer Ni atom. We
further present evidence for a buckling of the second Ni layer, giving
an expansion in the separation between the first Ni layer and the
second layer Ni atoms in atopped positionsvof 11 % from the bulk value,
while second layer Ni atoms left unatopped in the ¢(2x2) structure
assume essentially bulk positions. We also examine in detail £he
effects of multiple scattering on the extraction of this structural
information from ARPEFS and present results for surfaces with S

coverages greater than 1/2 ML.
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4,1 Introduction

In this chapter we report ARPEFS experiments based on
photoemission from the S(1s) level in the system c¢(2x2) S/Ni(011).
This research was motivated by several goals, all of which are meant to
provide a critical evaluation of the ability of the ARPEFS technigue to
provide surface structural information. First, the c(2x2) S/Ni(011)
was chosen in part because it has been well studied in previous ‘

LEED1’2 and ion—scattering3

experiments. This system therefore provides
a stringent test for ARPEFS to generate a unique, accurate, and correct
surface structure. In this context, for example, the ion-scattering
analysis indicated an expansion of the first Ni interplanar separation
by 6%. To be competitive, ARPEFS would have to confirm this result.

Second, the analysis of the ARPEFS data can be performed at three
levels of increasing sophistication. Two of these are derived directly
from the EXAFS-ARPEFS analogy. The first is based simply on Fourier
transforming x(k) to form a spectrum, F(r), with intensities at various
"path length diférences". These distances can thén be compared with
expectations based on trial geometries. A second, more quantitative,
level consists of selecting a peak in F(r) that arises mostly from one
path length difference, if one is available, and back-transforming to
derive the value for that distance. At the third level, the ARPEFS
data are fitted with a theoreticél curve for which structural

parameters are thereby optimized. Our goal in analyzing the c(2x2)

S/Ni(011) data is to ascertain the extent and validity with which
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structural information can be obtained from each level of analysis.
Until now this question has been uncertain and even controversial, for
lack of adequate data.

Previous ARPEFS studiesu’5 have concentrated on data taken for
high symmetry crystallographic directions. However, there is no reason
to expect that the adsorption site will maintain the bulk symmetries,
especially when considering more complicated systems. This study has
attempted to select experimental geométries which help elucidate the
surface structure.

' The remainder of this chapter is organized as follows. Section
4,2 describes experimental details and also provides a brief
description of the reduction of the raw data to the y(k) form. It
concludes with the presentation of x(k) curves for the c¢(2x2) S/Ni(011)
system collected for several experimental geometries. Section 4.3
Qiscusses the analysis of the data, first using Fourier transform
methods, followed by an r-factor analysis performed using comparsions
to multiple-scattering calculations. In Section 4.4 we present some
results obtained for the S/Ni(011) system at greater than 1/2 monolayer

(ML) coverage. A summary and conclusions are given in Section 4.5
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4,2 Experimental details

As discussed in_Chapter I, the ARPEFS experiment consists of
measuring the angle-resolved photoemission intensity from a specific
core level~- usually a core level of an adsorbed atom on a clean,
single crystal surface-- as a function of the photoelectron kinetic
energy. In this section, we present a description of the ARPEFS
measurement for c¢{2x2) S/Ni(011). First, we will describe the the
sample preparation procedures and provide a description of the
geometries employed to obtain the ARPEFS data. We conclude with the

presentation of the y(k) curves for these geometries.
4.2.1 Sample preparation

The Ni(011) crystal was cut (7x7x1mm) from high purity (99.999%
single crystal stock, and mechanically polished to within <1° of a
(011) orientation as determined by Laue backscattering. It was then

7 before mounting on a high precision sample

chemically etched
manipulator for insertion in the experimental chamber. The manipulator
allowed linear motion along three perpendicular axes as well as
rotations about both an axis in the crystal surface and about the
crystal normal. Sample heating was accomplished by electron
bombardment from a tungsten filament located behind the Ta sample plate

on which the Ni crystal was mounted. Temperatures were measured using

an infrared pyrometer.
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After installation in the experimental chamber, which maintained a
typical pressure of 2x10_1° torr, the crystal was cleaned by repeated
cycles .of argeon ion etching and annealing to 800°C. This procedure was
sufficient to remove all impurities except carbon. The carbon was then

Q -8
removed by heating the crystal to 700 C after exposure to 1x10 torr

of 0, for several minutes. Auger electron measurements were performed
using a set of four-grid LEED optics in the retarding field mode.
These measurments showed no detectable traces of carbon, oxygen, or
sulfur. The c(2x2) overlayers of sulfur were formed by ambient
exposure of approximately 1.5-2 L of H,S, follerd by annealing to 1500
C. Auger measurements for the c(2x2) structure showed no trace of
impurities other than sulfur. The ratio of the S(152 eV) Auger

intensity to that of Ni(61 eV) was about 0.2, and was reproducible for

the overlayers prepared for the ARPEFS measurements.
4.2.2 Geometries

ARPEFS measurements were performed for several different
experimental geometries. The emission and bhoton polarization angles
for each geometry were determined as described in Chapter 3 by He-Ne
laser auto-collimation through the experimental chamber viewports. The
angles determined in this manner have an estimated accuracy of +2°.

The experimental geometries employed in performing the ARPEFS
measurements, described below, are illustrated in Fig. 1. This figure

depicts a section of the [011] Ni surface, indicating the photoelectron
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emission angles for which ARPEFS data were collected. We include the S
atoms in the rectangular hollow site. This will be shown to be the
correct adsorption site in the analysis below. The geometries are as

follows:

(a) Emission along the surface normal. The photon
o
polarization vector was directed 40 from the surface

normal toward [100].

o]
(b) Photoelectron emission 38 from the surface normal toward
o]
[100] with the polarization 78 from the normal toward
(100].
0 .

(c) Emission 50 from the surface normal toward [100]. .The

polarization vector was in the surface along [100].

0

(d) Emission along [001]. The polarization was 75 from the

surface toward [011].

The normal emission data primarily contains information about near-
neighbor atoms below the adsorbed sulfur atom. Geometries (b), (c),
and (d) were chosen to provide sensitivity to atoms on either side of
the adsorbed éulfur—— in particular, first layer near-neighbor Ni
atoms. The combination of geometries (a) and (c¢) will be shown to be

sufficient to define the adsorption site. Geometry (b) was chosen to
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investigate the changes in the ARPEFS with moderate angle changes, and
geometry (d) was chosen for comparison to normal emission data from
c(2x2) S/Ni(OOT).8 For geometries (b) and (c¢), the azimuthal angle was
- 3% from [100] due to limitations of the sample motion.

For each geometry a series of photocelectron spectra at different
kinetic energies were collected using an 18 eV energy window which
included the S(1s) core level. The reduction of these data to y(E)
curves was described in Chapter 3. For Fourier transform data
analysis, it is necessary to convert x(E) to x(k). The photoelectron
kinetic energy, E, measured outside the solid is related to the
wavenumber of the photoelectron inside the solid by

/2, (3)

1
k =1 /n [2m (E+V,)]
where me_is the electron mass and V, is the inner potential of the
solid. The value of VO is typically about 10 eV, but the exact value
is unknown and is slightly énergy dependent for ARPEFS energies. The
inner potential is therefore treated as an'adjustable parameter. The
x(k) curves for each of the geometries indicated in Fig. 1 are

presented in Fig. 2. An- inner potential of 10 eV was used for this

figure.
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4,3 pata analysis

The most general method of analysis that can be employed to
extract structural information from ARPEFS data involves applying
procedures similar to those employed in LEED studies. 'Thée data are
compared to calculations using an appropriate reliability factor as-a
quantative measure of the level of agreement. The geometry assumed in
the calculation is then varied until a minimum is located in the r-
factor, indicating the best agreement between theory and experiment.
The results of such an analysis using comparisons to multiple-
scattering calculations will be presented in Section 4.3.2 However,
consideration of the form of Eq. (1) compared to the analogous
expression describing EXAF89 presents the possibility of using more
direct-Fourier transform techniques. This approach was suggested in
the work of LeeTO, and later an ekploratory study of its applicability
was performed by Hussain et al.11, using theoretical simulations of
ARPEFS data to obtain an adequately long data range.

The application of Fourier transform techniques to extended data
range ARPEFS data was first performed for c(2x2) S/Ni(001).}4 This work
indicated that Fourier transform-techniques can yield useful
information. We shall evaluate the extent to which this relatively
simple, direct analysis can provide information about the adsorption
geometry of c(2x2) S/Ni(011). We will also examine the effect of

multiple scattering on the extraction of this information.
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4.3.1 Fourier transform analysis

This subsection will be further divided into three parts. First
we present a qqélitative discussion of the Fourier transforms of ARPEFS
data for c(2x2) S/Ni(011) based on the ideas presented in Chaptér 2.
This will be followed by a quantitative analysis employing the
filtering and backtransform procedures developed for the treétment of
EXAFS data.9 Finally, we will illustrate the effects of multiple

scattering that are evident in these data.
a) Qualitative discussion

Considering the form of x(k) given in Eq. 1, and the above analogy
with EXAFS, one would expect peaks to appear in the Fourier transform
of this function at positions given by the path length difference,

ARj= rj(1—cost), for scattering from neighboring atoms. For a given
scattering atom, this path length difference changes with the electron
emission angle, leadiﬁg to different structure in the Fourier transform
for each different emission angle. Data taken for several emission
angles should allow one to establish the adsorption site through
comparison of the Fourieb transform to expected path length values for
trial sites, provided the Fourier transforms can be interpreted in a
reasonably simple manner.

The positions of the peaks in the Fourier tranéform will differ

slightly from the value of ARJ, due to the additional scattering phase
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shift ¢j. However, this phase shift is nearly independent of k, with
only a small linear contribution leading to small shifts. Large shifts
in ARj can occur when there is strong structure in the phase shift, as
happens when the scattering angle approaches a value for which there is
a zero in the scattering amplitude-- the Generalized Ramsauer-Townsend
résonance.12 This complication can_be studied independently by
considering the angle and energy dependence of the appropriate complex
scattering amplitude.

We now turn to an examination of the S/Ni(0115 data. Fourlier
transforms of the normal emission, the 380, and the 50° data are
présented in Fig. 3. Most of the structure in these transforms is.due
to ARPEFS.. The discussion which follows will concentrate on the
dominant features in each transform.

The normal emission transform is dominated by a strong peak at 4.2
% with smaller structure at approximately 3 & and 7.5 R. The data set
taken with an emission angle of 50° shows a strong peak at 4.1 §,
though this peak is significantly weaker than'the 4,2 & peak in the
normal emission (the 50° transform is scaled by a factor of two). This
geometry also gives structure in the 1-2 R range and at 8 f. Data
taken with an emission angle of 38° yield two dominant peaks, at - 1.2
A and 3.7 A.

Inspection of these Fourier transforms, coupled with the ideas
presented in Chapter 2 and consideration of the plausible adsorption
sites for S on the Ni(011) surface-- atop on the first layer, short

bridge, long bridge, or rectangular hollow-- leads to the conclusion
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that adsorption occurs in the rectangular hollow. The atoms giving
dominant contributions to this structure can be identified with
reference to Fig. 4. The very strong 4.2 R peak in the normal emission
data is due to backscattering from the 2nd layer Ni atom labeled (2) in
Fig. 4. The intensity in this backscattering peak is considerably
enhanced due to forward scattering through the sulfur atom. The 4.1 &
peak in the 50° data is dominated by scattering from two symmetrically
equivalent atoms in the first Ni layer which have scattering angles of
~ 144°, close enough to backscattering to maintain a reasonably large
scattering amplitude. These atoms are labeled (1) in Fig. 4. The peak
at 3.7 A in the 38° data is also due almost exclusively to these same
atoms. The reduction in intensity of the 38° peak relative to that in
the 50° case is consistent with a decrease in the scattering amplitude
in going from - 144° scattering for the 50° geometry to ~ 137°
scattering for the 38° data.

Additionally, the structure at 3 f in the normal emission data
strongly supports adsorption in the rectangular hollow. The other
siﬂes do not provide an explanation for this peak, which has a shorter
path length difference than the dominant 4.2 & peak at normal emission.
For the rectangular hollow this structure is easily explained in terms
of scattering from the four near-neighbor Ni atoms in the first layer.
Thus, by examination of the Fourier transforms, we find convincing
evidence that the S adsorption site is the rectangular hollow, in
agreement with the previous ion scattering and LEED experiments. The

Fourier transform structure is inconsistent with other possible
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adsorption sites. Although other sites could provide explanations of
the structure for one geometry, a combination of two data sets (in

particular the normal emission and 50° data) decidedly favors the

rectangular hollow site.
b) Filter and backtransform analysis

Having identified the adsorption site, and thus the particular
atoms contributing to the dominant peaks in the Fourier transform for
each geometry, more precise quantative information can now be obtained
by employing the filtering and backtransform analysis procedures
developed for EXAFS data.9 The analysis consists of windowing the
Fourier peak of interest, backtransforming this peak and extracting the

experimental phase function. The total phase function, ¢T’ is given by

the argument of the cosine in Eq. (1),

= kr,(1-co0s0.) + ¢.. : (5)
by T KT i

If the appropriate theoretical scattering phase shift, ¢j’ is
removed, the remaining function is linear in k with a slope given by
ARj = rj(1—cosej), the desired path length difference. A complication

exists due to the unknown value of V the inner potential. This

O’

parameter must be used to convert the experimentally determined

electron kinetic energy outside the solid to the wavenumber inside the
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solid. The inner potential is‘thus treated as an adjustable parameter
which is varied until the most linear function, krj(1—cosej), is
obtained.9

The results of this analysis, performed on the 4.2 A peak in the
normal emission data, the 3.7 A peak in the 38° data, and the 4.1 A&
peak in the 50° data, are presented in Table I. These structures were
chosen because they are overwhelmingly due to single or symmetrically
equivalent atoms, so that'é single path length difference can be
extracted in each case. The other large peak in the 38° data at 1.2 &
is not treated because this structure cannot be easily identified with
a single scattering path length. Also, since this structure is in the
low path length region, it is strongly influeﬁced by the data reduction

procedures as discussed in Section 4.2,

The path length given by
AR, = 4.36 & = r.(1-cos0.), 0O.= 6
j 3 J( J) 37 (6)

for the ﬁormal emission data indicates a bond léngth of 2.18 A between
the S and the Ni atom in the 2nd layer directly below. Thebdata taken
off-normal deserve some comment due to the 3° azimuthal rotation from
the plane containing [100]. The major effect of this misalignment will
be to produce two slightly different scattering paths, instead of two
symmetrically identical paths, contributing to the large peak at 4.1 A.
However, the small difference between these two paths is well beyond

the resolution of the measurment. Since the change in the scattering
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phase shift and amplitude for the two different scattering angles is
small, the analysis will produce a value of the path length which is
the average of the two values and, within the accuracy of the
experiment, is equivalent to the value that would be obtained with no
azimuﬁhal rotation. With this in mind, the value of 4.18 A for the
path length difference in the 50° data indicates, after some simple
geometric considerations, a bond length between the S atom and the near
neighbor atoms in the firsﬂ Ni layer of 2.31 A. Alternatively, this is
equivalent to specifying a value of 0.82 & for dl, the height of the
sulfur atom above the first nickel layer.

The value extracted for the weaker 3.7 A& peak in the 38° data,
correspcnding to scattering from the same set of two atoms as for the
50° case, is U4.02 A. The larger shift of the peak in the'Fourier
transform from the backtransformed value, compared to the previous two
cases, is partially due to the previously mentioned Generalized
Ramsauer-Townsend effect. The -~ 137° scattering angle for the
structure in the 38° data is close enough to a zero in the Ni
scattering amplitude at 1269 to produce a larger shift. However, the
path length value obtained from the backtransform aﬁalysis is of
primary importance, and this value is in good agreement with the value
of 4.00 A that is predicted based on the 2.31 A bond length determined
from the 50° data. Thus, considering the smaller amplitude of the
structure in the 38° data, the results of the backtransform analyses
show very good consistancy between the two independent measurements.

The errors indicated in Table I, and also in Table II below, are based
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on the precision of the procedure and estimations of the effects of
errors in the theoretical phase shifts and errors in determining
experimental angles.

With the bond lengths of the 'S atom to its near neighbors in the
first and second Ni layers known, the details of the adsorption site
can now be determined. As stated, the 2.31 & bond length to the first
layer Ni atoms indicates a value of dl= 0.82 &. This value, in
conjunction with the value of 2.18 A for the S-2nd Ni plane separatioh;
then provides a value of 1.36 A for the interplanar separation between
the first and second Ni layers. This represents an expansion of this
separation by 9 % from its bulk value of 1.245 A. Table II summarizes
the results of this analysis and also presents the results of the
previous ion scattering experiment for comparison. In this table, S-
Ni, and S-Ni, represent the bond lengths to atoms (1) and (2) in Fig.
4, respectively. The parameter d,, is the interplanar separation
between the first and second Ni layers‘and A% is the percent change in
this spacing from the bulk value.

The excellent égreement of the backtransform aﬁalysis with the ion
scattering experiment supports the previous_assignments of the dominant
structure in-the Fourier transforms. This also supports the idea that
Fourier transforms for an unknown system can be interpreted in a
reasonably simple manner, thus aiding in determining the adsorption
site and, in favorable cases, allowing the extraction of bond lengths.
The ability to use this attractive feature of the ARPEFS technique

does, however, require careful consideration of the possible adsorption
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geometries so that the experiment can be devised to make best use of
the strong modulation which will normally occur for near-backscattering
geometries to distinguish between possible sites. For instance,
although the Fourier transform of the 38° data provides information
that is helpful in determining the adsorption site, the stronger

structure in the 50° data is clearly preferable.
¢) Multiple scattering effects

Before turning to an r-factor anélysis of the data, we will
illustrate the evidence for multiple scattering displayed in this data.
As noted previously, the backtransform analysis requires the removal of
the scattering phase shift, ¢j‘" As in the case of the scattering
amplitude, the phase shift also requires the consideration of multiple-
scattering. In addition to enhanc}ng the intensity of a single
scattering, forward scattering events will also add contributions to
¢j. This affects primarily the normal emission data-- the
backscattered wave from the 2nd layer Ni atom must necessarily be
forward scattered through the S atom as it propagates to the detector.
The backtransform analysis of the normal emission data has accounted
for this effect by employing a double-scattering phase shift. An
attempt to analyze these data using only the single backscattering
phase shift, ¢(w), leads to a path length valﬁe of L.40 R instead of
4.36 R, but more importantly, it also requires a non-physical value of

VO= 30 eV to fit thé data. Thus a single-scattering model attempts to
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compensate for the approximately constant additional phase shift due to

“double scattering by variation of the V_ parameter outside an

0
‘acceptable range.

We further illustration of this effgct in Fig. 5. The large dot
curves in Figs. 5(a) and (b) represent the filtered and backtransformed
data for the dominant peaks in the 50%and normal transforms,
respectively. The solid curve in Fig. 5(a) shows a theoretical
simulation of the backtransformed 4.1 A peak in the 50°data. As

stated, this peak should be well described with single scattering. The

solid curve was calculated using a single scattering model,

-AR./} -0%k?(1-cos0.)
J e J J

x(k) = 2N e cos(krj(1—cos®j)+¢j). (6)

The value of A, the electron mean free path, was obtained from the

13

—

values of Seah and Dench and 03, the appropriate mean-squared
realitive displacement due to thermal vibrations, was then determined
by the best fit to the backtransformed data. The value of 03 thus
obtained was 0.009 A%2. The values for the number of contributing
atoms, N = 2, and the path length difference, ARJ = 4,18 A, are known.
The important point is that reasonable values of A and Oj yield a good
simulation of the backtransformed data, as shown in Fig. 5(a).
Considering now the normal emission data in Fig. 5(b), we expect
that with A and °j taking values close tq those which provided a good

simulation of the 50° data, we should obtain a qualitatively similar

simulation for this data. The fact that the scattering events
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contributing to the 4.1 & peak in the 50 data are in the surface layer
while the scattering atom which dominates the normal emission peak at
4.2 A is in the second layer would be expected to lead to somewhat
different values for the thermal vibrations. However, both cases
involve atéms which are near neighbors so that the difference should
not be large. The result, assuming only single scattering, is presented
as the solid line in Fig. 5(b). It can be seen that thebdata show a
much larger amplitude and there is also a large, approximately
constant, phase shift. The same VO value was used to convert the

photoelectron kinetic energy to wavenumber, k, in both the normal

emission and the 50° case, V.= 9 eV. Correction of the remaining large

0

phase shift error again requires a value of V. = 30 eV if the single

0
scattering model is forced to fit the data.
The dot-dash line'in Fig.5(b) presents the result of the same
simulation, but including the effect of the additional multiple-
scattéring through the intervening S atom. This simulation also
included an exact ﬁreatment of the spherical wave scattering. The
agreement 1s much better in phis case and nearly as good as that
provided by the 50° example. Thué, it is clear from the magnitude of

these effects that multiple-scattering must be included if quantative

interpretations of ARPEFS are sought.
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4,3.2 Multiple scattering calculations

The Fourier transform analysis presented‘in the previous section
concentrated primarily on only the dominant structure in the
transforms. There is also weaker structure in the transforms which
indicates that the ARPEFS coﬁtains additional structural information.
In fact, partial explanations can be offered for this weaker structure
as follows. The structure at 7.5 Z in the normal emission data has a
large contribution from four symmetrically placed atoms in the 3rd Ni
layer-- (3) in Fig. U4-- while the peaks in the 7-8 R range for the 38°
and 50° data are largely due to near backscattéring from atom (4) in
the 2nd layer. The low path length structure in the off-normal data ié
caused by the atoms in the first Ni layer in front of the adsorbed S
atom, with additional contributions from néar—neighbor S atoms,
although mixed with low frequency experimental noise. These
explanations are not meant to imply that the scattering atoms
identified with a given peak are necessarily the sole contributions to
the intensity in that path length.range, only that the structure in
this range has large contributions from these sources. Attempts to
extract structural information using filtering and backtransform
techniques are not whoily satisfactory due to weakness of the structure
and inadequate resolution to separate several similar scattering path
lengths. An alternative approach to the analysis consists of direct
comparison of the y(E) curves to theoretical curves calculated assuming

a specific adsorption geometry, in a manner analogous to the treatment
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of LEED data. This method provides a straightforward means of testing
the data for additional, less dominant structural parameters. Even
here, however, the ability to interpret the Fourier transforms in a
relati&ely simple manner provides a useful guide in assessing to which
structural variables an experimental geometry will be ﬁost sensitive.

In this section we present the results of such an analysis based
on comparisons to multiple-scattering, cluster calculations. These

1“’15 A brief outline

calculations are described in detail elsewhere,
of the major features will be presented here.
As discussed above, a quantitative theory of ARPEFS requires the
inclusion of important multiple-scattering and spherical wave effects.
The cluster calculations performed in this work have included multiple
scattering to fourth order as well as the dominant corrections to the
plane wave approximation due to the spherical nature of the
photoelectron wave using the approximations presented by Barton et

15

al The finite mean free path was treated as an exponential damping

factor, e_r/x, with A=ckn, where normally n=1. The value of ¢ was

3

determined by fitting to the values given by Seah and Dench1 for Ni.
Thermal effects were treated using a correlated Debye model which
accounted for increased thermal vibrations near the surface and
anisotropies in different crystallographic directions.1u The inputs to
this model were determined using theoretical calculations of the mean
square displacements for the Ni(011) surface16 as a guide., The Bulk

Debye temperature, Ob was taken as 390 K, and the Ni surface Debye

D ]
temperatures were set at 270 K, 270 K, and 310 X, for the [011], [100],
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and [110] directions respective;y. The Debye temperatures for the
sulfur overlayer were assumed Lo be given by the Ni surface values
appropriately adjusted for the difference in masses, giving 365 K, 365
K, and 420 K for the [011], [100], and [(110] directions. The £3°
angular resolution of the experiment was included as described in Ref.
(14). The effect of the inner potential was included as an energy
independent shift of the kinetic energy scale.

The phase shifts used in these calculations were computed using a

7

modified version of the program developed by Pendry for LEED.‘ The Ni

potential was obtained from the self-consistent LDA calculations of
Moruzzi et al.18 The S phase shifts were calculated using a potential
obtained from atomic Hartree-Fock wavefunctions. The wavefunctions
were truncated and renormalized at a muffin-tin value Rmax = 1.05 A.
Several values of Rmax were tested and produced no strong differences
in the results of the analysis. The exchange potential was calculated
using an Xa approach with o taken from the work of Schwar'z.19 A total
of 16 phase shifts were éalculated for each potential for energies up
to 500 eV. |

The first step in the analysis consisted of smoothing the data by
filtering at 10 ;°. Calculatioﬁs were.then be performed including a
cluster size large énough to include all path lengths with values £10
Z. For the off-normal geometries, the low path length structure less
than 2 A was filtered due to uncertainties in measuring this structure.

The calculations were then performed using these same low path length

cutoffs.
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For the present analysis, a simple r-factor was chosen. It

consists of forming
ro= J[1_(E)-1,(E)]* dE / [ I(E)*dE (7)

Here Ie(E) is the intensity of the experimental curve as a function of
the energy and It(E) is the intensity of the theory. The analysis
proceeded by assuming an adsorption geometry and performing the
multiple-scattering calculation. The level of agreement between the
theory and expefiment was evaluated by calculating r. The geometry was
varied until_a minimum in r was located. For each geometry comparisbns
were made to calculated curves with V, values of 8, 10, and 12 eV. The
r factors determined in this manner were then averaged to give a final
r value, This r;factor is simple by present day LEED standards,20 but
nonetheless provided consistent results for the values of parameters
obtained from different experimental curves. Due to the + 2-3°
accuracy with which experimental geometries are determined, the
emission angle was varied to obtain the best simulation of the
experimental curves. The angles obtained were within 3° of the
expected value in all cases. The final structural parameters
determined by the r-factor analysis were only slightly (-~ 0.02 A&)
dependent on.the angle used, except for the determination of dl (the
distance of the sulfur atom above the Ni surface) from the [001] data.
For this geometry, there are several Ni near-neighbors which have

scattering angles of ~ 129°-- two atoms in the first Ni layer and the
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Ni atom directly below the S atom. This angle 1s very close to the
scattering for which the Generalized Ramsauer-Townsend resonance is
observed in Ni.12 The scattering amplitudes and phases of these atoms
thus depend strongly on the scattering angle, or equivalently, the
emission angle. The minimum in the r-factor was found to shift by 0.07
A for angle changes of 3°. However, the value of dl = 0.81 A presented
below for an emission angle of 45° had an r-factor minimum that was
slightly lower than those found for other angles.

In Fig. 6 we present a comparison of the filtered normal emission
data to calculations performed for several different values of the S-
. to-2nd layer Ni distance (S-Ni,). The strong dependence on this
parameter is evident, clearly indicating by visual inspection that the
curve for a value of 2.2 A is much closer to experiment than those for
2.1 A or 2.3 4.

Figs. 7 and 8 show the optimized calculations compared to the
filtered data for all experimental geometries. The agreement ranges
from good to excellent, with the exception of some portions of the
[001] curve. As discussed above, much of the structure in this data
set is strongly influenced by scattering at angles near a resonance in
the Ni scattering amplitude. The results for this geometry are thus
more sensitive to the input scattering phase shifts and errors in the
experimental angles.

Plots of the r-factor obtained by varying the S-Ni, and dl, for
each geémetry, are given in Figs. 9 and 10 respectively. The results

are summarized in Table III. There is very good consistency between
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the values obtained for each data curve, as well as good agreement with
results of the Fourier transform analysis presented previously. The
values obtained by averaging the results for each geometry are
indicated in the last column. A value of 2.20 +0.02 A& is determined
for S-Ni, compared to 2.18 +0.02 A found for the Fourier transform
analysis. This analysis also indicates an expansion of (11 %) in the
first Ni interplanar spacing. The exception to this conSistent
agreement is the value of the S-Ni, distance obtained from the 50°
data, which indicates a value ~ 0.1 A lower than the other values.
This is outside the expected deviation based on the values dbtained
from the other curves. Thus, the value of S-Ni, for the‘50° data was
not included in the averaged value. A possible explanation for this
discrepancy will be discussed below.

Having obtained very good agreement in the major structural
pararmeters with the Fourier transform results, we can now extend this
r-factor analysis and try to obtain additional information. As
indicated earlier, there is less intense structure in the Fourier
transforms of the data, for which partial explanations have been
offered. This structure provides a guide for testing the ARPEFS for
further information. However, before proceeding to such an analysis,
we Wwill first comment briefly on the use of single-scattering versus
multiple-scattering theories for this purpose.

Fig. 11 contains a comparison of data taken at normal emission and
at 50° with the optimized results obtained for multiple-scattering (MS)

and single-scattering (SS) theories. It is clear that the SS
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calculation provides good reproduction of the features in the
experimental data for both geometries, though the quantitative
agreement is better for the MS case. This is particularly true for the
normal emission data. An r-factor analysis performed using SS
calculations produces results that are similar to those obtained from
the theory which includes the dominant multiple-scattering effects, but
with shifts of 0.05 to 0.1 A. The most pronounced example of this is
illustrated in Eig. 12. This figure contains plots of the r-factor
obtained for variation of the S-Ni, distance for the normal emission
data, using single-scattering and multiple-scattering calculations.
There is a shift of the SS minimum to a value indicating a S-tc-2nd
layer Ni bond length of 2.27 A, 0.07 & larger fhan the value obtained
from the multiple—scattering analysis. This is, of course , another
illustration of the effect of néglecting the double scattering phase
shift discussed in section 4.3.1(c). In general, structural parameters
obtained from a SS analysis will vary by 0.05 to 0.1A with the
experimental geometry, depending on whether or not there are important
multiple scattering contributions-- particularly additional forward
sgattering events., The apparent values of non-structural parameters
which determine intensities, such as the electrog mean-free path and
ojzl will also appear to be dependent on the geometry, due to the
forward scattering enhancement discussed previocusly. Because the
values given in Table III indicate that the precision (and most likely
accuracy also) in the measurements is below the 0.1'A level, énd

because we are interested in investigating the possibility of obtaining
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structural information on this scale, the inclusion of at least the
dominant multiple-scattering effects is necessary. However, the
simplicity of the SS calculations makes them very attractive for
performing a preliminary analysis or for use in cases where possible
errors on the order of 0.1 A are not important.

We now discuss the results of efforts to obtain additional
structural information. 1In particular, we wish to consider a possible
explanation of the discrepancy noted previously in the value of S-Ni,
obtained from the 50° data. The Fourier transform for this geometry
exhibits a relatively strong feature at 8 A which is due primarily to
scattering from the 2nd layer Ni labeled (4) in Fig. 4. The photon
polarization was directed within 12° of this atom and the scatterirg
was very close to backscattering. 1In contrast the 2nd layer Ni atom
directly below the S atom lies in the nodal plane of the outgoing
photoelectron p-wave. Thus, this geometry is sensitive to the distance
to the second Ni layer as measured to the uncovered Ni atoms, whereas
the normal emission case is very sensitive to the Ni atom directly
below the S atom. The results presentéd ia‘Table III thus suggest the
possibility that Ni atoms in these two sites are inequivalent, with the
uncovered Ni, atoms ~ 0.1 A higher than the atopped Ni, atoms.

We have tested this explanation by performing additional
calculations considering a buckled second layer. For the 50° data, a
minimum in the r-factor was found for a buckling which placed the
uncovered Ni atoms 0.13 A higher than the atopped Ni atoms, thus giving

a value of the distance to the first Ni plane for the uncovered site
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which is essentially the same as a bulk interplanar separation.

The 38° data also exhibit a lowered value of the minimum in the r-
factor for a buckling of 0.13 A. The normal emission data shows very
little sensitivity to the buckling, as would be expected since the
photon polarization was directed nearly perpendicular to the surface,
and the [001] data indicate a minimum for no buckling. Considering the
much better fits obtained for the 38° and 50° data relative to the
[001] data, for the reasons mentioned previously, we feel that these
results support the possimility of a buckled second layer.

The existence of a buckling of this nature is easy to accept.
There is no a priori reason to expect the uncovered and atopped 2nd
'layer Ni atoms to assume equiva}ent positions. One might expect that
the uncovered site would be closer in structure to the clean Ni
surface, for which it is known that the 1st interplanar separation is
contracted by 5-10 %u’21 relative to the bulk, as compared to the
expansion seen in the sulfur atopped site. This would lead to the
uncovered 2nd layer N; atoms assuming a position closer to the first Ni
layer than the atopped atoms, as suggested by the data.

As a final case displaying the possibility of additional
information, we consider the normal emission data. As indicated
earlier, the peak at ~ 7.5 A in the Fourier transform of the normal
emission data has a large contribution due to scattering from 4 atoms
in the 3rd Ni layer. This suggests that the data for this geometry
might provide some indication of the interplanar separation between the

2nd and 3rd Ni layers. Calculations were performed to test this
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hypothesis, and the results are presented in Fig. 13. These
calculations were performed with a buckled 2nd Ni layer as described
above. The parameter, d,;, on the horizontal axis of Fig. 13, then
represents the separation between the 3rd layer Ni atoms and the 2nd
layer Ni atoms in the atopped position. The r-factor values are given
for two normal emission measurements and also for the 38° data. Both
normal emission results indicate a broad minimum which is contracted
from the bulk value. However, the deviation in the results obtained
from the two measurements is approximately of the same magnitude as the
apparent contraction. The 38° data indicate a value which is
essentially the same as the bulk value., Note that the vertical scale
for Fig. 13 is decreased by a factor of 2 relative to those in Figs. 9
and 10. Thus, the minima displayed for the variation of this parameter
are very broad on the scale of most of the curves displayed in Figs 9
and 10, and are more similar to the r-factor curve exhibited for
variation of dl for the normal emission data in Fig. 10. The other

two experimental geometries exhibited even less sensitivity to the
variatioﬁ of d,,, and thus are not displayed. The broad minima
exhibited in this figure indicate that the changes produced by
variation of this parameter are slight, and are thus susceptable to
errors in the data and use of a rather simple r-factor. On balance,
however, a simple average of these results, applying equal weight to
each of the measurements, indicates a value of this separation which is
contracted from the bulk value by 3 4 % (0.04 R). This further means

that the separation between the 3rd layer N1 atoms and the 2nd layer,
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unatopped Ni atoms is expanded by - 7 % due to the buckling.
Continuing the analogy to the clean surface, this is to be compared
with an expansion of 3-4 % in the 2nd to 3rd layer separation

determined for clean Ni on the basis of LEED and ion scattering data.21
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4.4 Higher coverage results

We also studied the adsorption of S on Ni(011) for coverages above
1/2 ML. As S is adsorbed beyond the c(2x2) or 1/2 ML point, distinct
changes are observed in the LEED pattern. The (1/2,1/2) spots become
elongated in the [071] direction, finally splitting to form a doublet.
The separation between the tgo spéts forming the doublet increases with
increasing S coverage.

This behavior was observed in several earlier studies and two
explanations for the doubled (1/2,1/2) spots were proposed. Perdereau
et al.22 suggested that continued S adsorption was accompanied by a
homogeneous decrease of the S-S distance in the [031] direction. This
results in a surface on which many of the S atoms are shifted from the
rectangular hollow site determined for the c(2x2) structure toward a

— ---long-bridge site. One of the spots in the doublet observed in the LEED
pattern is then explained by single-scattering while the other is
produced by multiple-scattering.

23

The othér, more plausible, model was presented'by Mroz. In his
work, the doubling of the (1/2,1/2) spot was explained by considering
the diffraction from a surface consisting of domains of N sulfur atoms
separated by anti-phase boundaries. By calculating the interference

function for such a case, Mroz showed that the (1/2,1/2) spots would be

split by an amount

d =1 /(2N-1), . - (8)
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where d is meésured realitive to the distance between the integral
order spots in the [071] direction. The coverage associated with a
given splitting, or equivalently, a given domain size, is then

.determined'by

Oy = N /(2N-1). | (9)

ARPEFS data obtained for a S/Ni(011) sample which exhibited a
doubling of the (1/2,1/2) LEED spot is presented in Fig. 13. This
sample was prepared in the same manner as the c¢(2x2) samples except
that the H,S exposure was continued until a doubling of the (1/2,1/2)
spot was observed. This required ~ 5 L.

The lower curve in Fig. 13, curve (b), gives I(E) for the 38°
c(2x2) data presented previously. The upper curve shows data obtained
from the higher coverage sample. The curves are identical except for
the increased total signal from the higher coverage surface, indicating
that the S remains in the rectangular hollow. Using the relative
intensity change between the two curves and assuming a coverage of -.5
ML.for the c¢(2x2) case, we can estimate a coverage of 0.65 ML for the
higher coverage sample. With this increase in coverage of 30%, a model
such as that proposed by Perdereau et al. would lead to much different
ARPEFS due to the large number of S atoms which are shifted out of the
rectangular hollow. Thus, these data rule out a homogeneous decrease
of the S-S distance in the [071] direction as suggested by those

authors.
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We can estimate the domain size, N, by two methods. Using Egq. (8)
and the value of d determined from the LEED pattern (d = 0.2 #0.01), we
find N ~ 3. Alternatively, assuming a coverage of 0.5 for the c¢(2x2)
surface and using the inérease evident in Fig. 13, we can estimate a
coverage of 0.65 +0.1 ML for the higher coverage surface. Employing
Eq. (9), we then obtain N ~ 2. The higher coverage surface is thus
determined to consist of anti-phase domains 2-3 sulfur atoms across in

the [071] direction with the S adsorbed in the rectangular hollow site.
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4.5 Conclusions

We have presented a study of the surface structure of c(2x2)
S/Ni(011) using an analysis of the angle-resolved photoemission
extended fine structure. The results obtained employing a Fourier
transform analysis and also by comparisons to theoretical calculations
are in good agreement, and also agree well the results of previous
-3

studies.1 Both methods of analysis enabled us to determine details

of the surface structure such as the expansion of the first interplanar
spacing reported by the ion scattering experiment.3 On the basis of
the r-factor analysis, we have also suggested the possibility of a
buckling of the 2nd Ni layer. Studies of this surface at higher sulfur
coverages indicate that additional S is incorporated by the formation
of anti-phase domains in the [071] direction.

The good results obtained using the Fourier transfofm analysis
indicate the usefulness of this method. Consideration of possible
adsorption sites should allow one to.select experimental geometries
which will serve to test these sites by highlighting backscattering
from near-neighbors. If proper experimental geometries are chosen,
then examination of the Fourier transformed data for different
directions can rule out several possiBilities. The geometries selected
for this experiment attempted to illustrate this point. 1In fact,
examination of the Fourier transformed normal emission data alone

provides strong evidence for the elimination of all sites except the

rectangular hollow.
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However,‘the ability to plan an experiment which will allow one to
most efficiently take advantage of the attractive features inherent in
the Fourier transform analyses does require careful consideration'of
possible sites, and also the energy and angle dependence of the
scattering amplitude of the materials involved. This initial planning
is probably somewhat more critical to the efficient use of this
technique, especially considering the realities of performing
experiments at a synchrontron,.than for other techniques normally
employed for surface structure studies.

The possibility exists that for complicated systems, the structure
will correspond to none of the sites that have been considered. Even
S0, examination of the Fourier transform will provide useful
information. Also, the excellent agreement obtained with reiatively
simple theories will then allow additional structures to be tested.
Finally, the very different information which can be obtained for
additional experimental geometries will prove to be a great advantage.
This will provide the ability to conclusively test additional
structures if adequate access to s&nchrontron ragiation is available.

We have also illustrated the effects of multiple scattering on the
analysis of ARPEFS data. We have indicated that these effects cannot
be ignored in quantitative interpretations. However, the dominant
effects are easily understood qualitatively and do not alter

dramétically the conceptual simplicity of the single-scattering model.
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Table I. Path length values (in A) obtained from the dominant -
peaks in the normal emission (0°), 38° and 50° Fourier transforms,
using the analyses discussed in the text. Note that the analysis

consistently produced values of V. within 1 eV of each other.

0

Expt. geometry AR Vo(ev)
0° 4.36(4) 10
38° 4,02(5) 9

50° 4.18(4) 9
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Table II. Structural parameters (in A) determined from the path length
values presented in Table I. A description of the parameters presented
is provided in the text. The results of the ion scattering experiment

performed by Van der Veen et al in Ref. 9 are included for comparison.

Parameter ARPEFS Ion scattering
S-Ni, 2.31(3) 2.32
S-Ni, 2.18(2) : 2.18
dl ' 0.82(7) 0.87(3)
di. 1.36(7) 1.31(4)

A% +9(6)% +6(3)%
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Tabel III. Structural parameters (in A) obtained by comparison to
multiple-scattering calculations for the four experimental geometries
dicussed in the text. S-Ni,, dl and A% are the‘same parameters
displayed in Table II, except as discussed in the text. The indicated
errors represent the precision of the measurement and were determined
from the values of yx3*from the fit to théory and the curvature of the
minimum for that particular parameter. The last column indicates the
averages of all geometries for dl and the average of the [011], 38° and

[001] data for S-Ni, and A%.

Parameter [011] 38° 50° [001] Avg.
S-Ni, 2.20(1) 2.19(1) 2.10(1) 2.21(1) 2.20(2)
d| 0.85(3) 0.81(1) 0.78(2) 0.81(2) 0.81(3)

A% ' 8% 1% 12% 11(3)%




FIGURES

Fig. 1

Fig. 2

Fig. 3

Fig. U

Fig. 5.

85

View of the Ni(011) surface with a ¢(2x2) S overlayer,

‘ indicating principal crystallographic directions and the

photoelectron emission directions for which ARPEFS data were

collected.

ARPEFS data in y(k) form for the experimental geometries
indicated in Fig. 1 and described in the text. Figs.A2(a—d)

correspond to the respectively labeled directions in Fig. 1.

Fourier transforms of the y(k) data given in Fig. 2 for
geometries a,b, and ¢. A gaussian broadened (1 &) window
function was used to reduce truncation effects. Note the

change in scale for the lower two panels.

This figure displays the cluster of atoms around the adsorbed
S atom which provide the dominant structure in the ARPEFS

data. For an explanation, see the text.

Theoretiéal simulations of filtered data for the 50° emission
data and the [011], or normal emission, data. The dotted
curves are the data filtered to include only the strongest
peak in the Fourier transform for eaéh respective geometry.

The solid lines are simulations employing a single-scattering



Fig. 6
Fig. 7
Fig. 8
Fig. 9
Fig. 10
Fig. 11
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theory, and the dash-dot line is the result of a calculation

including double scattering.

Comparison of the normal emission data to multiple-scattering
calculations for several values of the S-to-2nd layer Ni
distance, indicating the sensitivity of the normal emission

geometry to this parameter.

Comparison of the filtered normal emission and 38° ARPEFS
data (dotted lines) to multiple-scattering calculations
(solid lines) for the best-fit geometry determined as

described in the text.
Same- as Fig. 7 for the [001] and 50° emission data.

Values of the r-factor versus the S-to-2nd layer Ni (S-Ni,)

distance.

Values of the r-factor versus the distance of the S atom

above the first Ni plane, d]. -

Comparison of the results of multiple-scattering theory to
single-scattering theory for the two experimental geometries

indicated.
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Comparison of r-factors obtained using a multiple-scattering
theory to those obtained for a theory including only single-
scattering for the normal emission geometry versus S-Ni,.
The single—-scattering theory indicates a mihimum which is

shifted by 0.07A.

Values of the r-factor obtained for variation of the
separation between the 2nd and 3rd Ni layers for two normal

emission measurements and the 38° emission measurement.

Comparison of ARPEFS data taken with an emission direction of
38° for the c(2x2) 1/2 ML surface (lower curve) to that
obtained from a surface with an increased S coverage (upper

curve).
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CHAPTER 5
The Surface Structure of (2x2) S/Ge(111)

Determined Using ARPEFS

ABSTRACT

Measurements of the extended fine structure in the photoemission
intensity from the S(1s) coré levei were performed for a (2x2)
overlayer of S on Ge(111). This is the first application of ARPEFS to
a adsorption on a semiconductor substrate. The adsorption éite and
local geometry were determined from the ARPEFS using comparisons to
multiple-scattering calculations. The results of this analysis
indicate adsorption in a 2-fold bridge site 1.03 #0.05 & above the Ge
surface. The separation between the first and second Ge layers is
contracted by 9 +6 %, and some Ge-Ge bond lengths between the Ge
bilayers are expanded by 8 #3 %. This adsorption site is different
from that determined for another chalcogenide, Te, on the Ge(111)
surface on the basis of SEXAFS measurements, but it is the same as

those found for Te/Si(111) and Se/Si(111).
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5.1 Introduction

Techniques such as low energy electron diffraction (LEED)T, ion
scatteringz, surface-extended x-ray absorption fine structure
(SEXAFS)3, and, more recently, angle-resolved photoemission extended
fine structure (ARPEFS)u have been employed with great success to
obtain surface structural information. The majority of studies have
invloved chemisorption of simple atomic and molecular species on
metallic suﬁstrates. Fewer studies have been performed on
semiconductor surfaces. However, the qualitati&ely different nature of
semiconductor surfaces compared to metallic surfaces, afising from the
strong directiongl bonding, offers interesting opportunities for
surface structural studies on these surfaces. In the éimplest
approximation, one might expect that saturation bf "dangling 5onds"
present on semiconductor surfaces would be the dominant effect,
leading, for instance, to atop sites for monovalent adsorbates, two-
fold sites for divalent atoms, etc. Of course, this simple picture is
complicated by the presence of the clean suEface reconstructions and
dependences on typical bond lengths of the adsorbate compared to the
separation of the dangling bonds on the surface. For example, consider
the importanp case of oxygen adsorption on Si. The most widely
accepted model for the stable chemisorption configuration involves
bridge bonding as might be expected. However, because of the shortness
of Si-0 bonds (1.6-1.7 A), the oxygen atom is postulated to insert into

a bond between a surface layer Si atom and a Si atom in the second
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layer.5 Evidence has also been presented indicating that the initial
adsorption of 0, occurs via the formation of peroxy bridges between
surface Si atoms.6

These considerations suggest a systematig study of adsorbatés with
differing valencies on semiconductor surfaces. The aim would be to
develop ideas concerning the relative importance of the various factors
influencing bonding at these surfaces. Experiments designed to
elucidate this questions were recently presented by Citrin et al.3b
These authors performed SEXAFS measurements for monovalent and divalent
atoms (I and Te) adsorbed on Si(111) and Ge(111) surfaces. Previous
work was also performed for the adsorption of Cl on these sur‘faces.30
There have also been several studies employing X*fay standing wave
fluoresence methods to determine adsorption sites for Br adsorbed on
si(111)7? and ce(111)'0 and also se on si(111) .

The results of these studies indicated that for most of the
systems, a simple idea of chemisorption with unity bond order provides
a reasonable explanation of the adsorption behavior. Thus, Cl and I
adsorbed by saturating a single dangling bond in an atop configuration.
Divalent atoms ( Te/Si studied by SEXAFS and Se/Si studied using x-ray
flouresence) were found to adsorb in 2-fold bridge sites with the
accompanying saturation of two dangling bonds. An exception was found
in the case of Te adsorbed on Ge(111). For this system, the SEXAFS
study indicated adsorption in a different site-- a 3-fold surface site

with a Ge atom in the 2nd layer (or 2nd component of the first Ge

bilayer) directly below. X-ray standing wave studies of Br/Si(111)
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have also indicated deviations from a local bonding model of
chemisorption,:with some indications of Br adsorption in 3-fold sites
above fourth layer Ge atoms. However, this result has been reported to
depend on the method of sample preparation, possibly due to co-’
adsorp;ion of contaminants.9

Coﬁsidering the interesting deviation exhibited by the Te/Ge(111)
system, we have examined the surface structure of another divalent
atom, S, on Ge(111). The adsorption of S on Ge (111) exhibits
characteristics which are very similar to those found by Citrin et al.
for the Te/Ge(111) system, in terms of the satﬁration coverage (~1/2
ML) and ﬁhe stable (2x2) LEED pattern obtained. This study should thus-
not only provide-surface strubtural information on a previously
unstudied system, but also serve as an interesting comparison with the
behavior found for Te/Ge(111). This work‘also provides the first
application of ARPEFS to adsorption on a semiconductor substrate.

Surface structural information was obtained from the S/Ge system
by performing measurements of ARPEIFS.u This technique involves
measurements of the intensity of the angle-resolved photoemission (ARP)
from a core level of the adsorbate as a function of the photoelectron
kinetic eneréy. Surféce structural information is contained in ARP due
to final state interference caused by scattering of the photoelectron
from neighboring atoms. Recent studies of adsorption on clean metal

13

surfaces have indicated that excellent surface structural results can

be obtained from ARPEFS using an analysis based on a combination of



106

comparisons to theoretical calculations and Fourier transform
techniques.
The major conclusions which can be drawn from these previous

4,13 and_theoreticalw’15

experimental investigations are that, due to
the peaking of the magnitude of the scattering amplitude in the
forward-scattering and back-scattering directions, the finite electron
mean-free path, thermal correlation effects, and the overall 1/r
dependence of the ARPEFS, scattering events involving near neighbors
and near-backscattering will produce strong ARPEFS modulations. Also,
specific atoms can be enhanced relative to others by proper choice of
the photon polarization direction. These ideas suggest the possibility
that adsorption sites can be efficiently tested by choosing
experimental geometries which will emphasize backscattering from near
neighbors in those sites. The presence or abscence of the expected
strong backscattering structure will provide a distinct indication of
the possibility of adsorption in that site. Experimental geometries
chosen with these ideas in mind may also allow the use of Fourier
transfor@ techniques to determine bond lengths precisely.

Since it has also been shown that multiple scattering effects

15’16, it is important to consider the

cannot be neglected in ARPEFS
implications of this for an ARPEFS experiment. Because of the strong
forward peaking of the scattering amplitude ,the dominant multiple-
scattering events will be those which include forward scattering.

Since additional near-forward scatterings will introduce practically no

extra path length difference, the inclusion of multiple scattering will
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serve primarily to enhance the amplitude of a single scattering event
when that event is proceeded or followed by forwérd scattering. The
additional forward scattérings act to focus the electron amplitude
along the forward direction. Since backscattering events in an ARPEFS
experiment will always be followed by a subsequent forward scattering
through the emitting atom, the inclusion of multiple‘scattering will
serve to enhance backscattering events even more strongly than is
predicted by a single scattering theory. Thus, the qualitative aspects
of performing an gxperiment to determine an adsorption site are
unaffected by this dominant multiple-scattering effect.

In general, however, it is also necessary to perform comparisons
to multiple-scattering calculations to extract detailed information
about the adsorptioﬁ geometry, and these calculations must account
quantitatively for multiple-scattering effects. 1In addition to
modifications of the scattering amplitude due to multiple scattering,
there will also be contributions to the scattering phase shift for each
additional forward scattering. The éalculations which were performed
for comparison to the data for S/Ge(111) included these multiple-
scattering effects. These calculations will be described in more
detail in Section 5.3.

The remainder of this chapter is organized as follows. Section
5.2 describes experimental details and presents the y(k) curves for the
(2x2) S/Ge(111) system collected for the two experimental geometries

employed in this study. Section 5.3 then provides a discussion of the
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ARPEFS and a quantative analysis employing comparsions to multiple-
scattering calculations. A summary and conclusions are given in

Section 5.4
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5.2 Experimental details

In this section, we present a description of the experimental
details of this measurement of ARPEFS for (2x2) S/Ge(111). This
includes a discussion of the sample preparation procedures, followed by
a description of the geometries employed for this experiment. We
include a brief discussion of an important aspect of the data

reduction, and conclude with the presentation of the y(k) curves.
5.2.1 Sample preparation

A single crystal of Ge was cut (7x8x1mm) and mechanically polished
to an orientation of £ 1° from a (111) plane. The orientation was
determined by Laue backscattering after etching in a solution of 100 ml
Mirrolux (Cabot Corp., Tuscola, Il.) and 25 ml 30 % H,0,. The crystal
was mounted on a high precision sample manipulator for insertion in the
experimental chamber, which maintaineq a typical pressure of 2)(10_10
Torr. The manipulator allowed linear motion along three perpendicular
axes and rotations about both an axis in the crystal surface and about
the crystal normal.

The clean Ge(111) (2x8) LEED pattern was obtained by Ar
sputtering at an eneréy of 500 eV and annealing to 650° C. The sample
was heaﬁed by electron bombardment from a W filament located benind the

Ta sample plate on which the crystal was mounted. Temperatures were

measured using a Chromel-Alumel thermocouple attached to the sample
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plate next to the Ge crystal. The (2x8) LEED pattern formed using this
procedure displayed sharp 1/8 order spots, and Auger electron
measurements performed employing the LEED optics in the retarding-field
mer indicated no sign of impurities.

Sulfur overlayers were formed by exposure of the clean surface to
H,S. In order to achieve a saturation coverage of S it was necessary
to perform several cycles of exposure to H,S followed by annealing to
300-350°C. This behavior is presumably due to at least partial
dissociation of the H,S on this surface, leéding to the necessity of
desorbing excess hydrogen at'325°C18 to allow for the adsorption of
additional sulfur. Thus, althgugh the total exposure varied from
sample to sanple, the saturation coverage indicated by the ratio of the
S(152 eV) Auger intensity to the Ge(89 eV) Auger intensity was well
reproduced. This saturation coverage was found to correspond to about
1/72 ML as estimated by the Auger measurements and photoemission
intensity measurements performed using the S(1s) and Ge(2s) core
levels, in agreement with the saturation coverage obtained for
Te/Ge(111) by Citrin et ai.

Similar adsorption behavior was also observed in previous studies
of the absorption of S and Se on crushed Ge powders by Boonstra and Van
Ruler‘.17 Those authors were able to initially adsorb the equivalent of
1/4 monolayer on the clean Ge powders (~ 70 % (111) plane). They then
heated to between 200°C and 400°C and obsérved the desorption of
hydrogen. Additonal exposures to H,S then lead to the adéorption df a

total of 1/2 ML.
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A final anneal to 350°C after achieving a coverage of 1/2 ML
resulted in the formation of a sharp (2x2) LEED pattern. This, too, is
in agreement with LEED patterns obtained previously for S and Se
adsorption on Ge(111)19 and the Te/Ge(111) SEXAFS study. These
similarities would seem to indicate common adsorption characteristics
for the divalent atoms, S, Se, and Te, on the Ge(111) surface. Once
formed, the S overlayers showed no degradation in terms of adsorption

- of contaminants over many hours.
5.2.2 ARPEFS geometries

ARPEFS measurements were performed for two experimental
geometries. The emission and photon polarization angles for each
geometry were determined as described in Chapter 3. These angles have
an estimated accuracy of 120

For the first geometry, photoelectrons emitted along the surface
normal were collected, with the photon polarization directed 30° from
the normal towards a [100] direction. The second ARPEFS geometry
‘involved electron emission 60° from the surface normal towards the

{100] direction, S4.7° from the normal. The polarization was aligned

along the emission direction.
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5.2.3 Data collection and reduction

For‘each geometry, a series of photoelectron spectra were
collected in increments of 0.1 A;I. This scan was performed using an
energy window of 20 eV which included the S(1s) core level. The
Subsequent treatment of these data has been described in detail
previously.20 Briefly, it consists of extraction of the intensity in
the S(1s) core peak for each kinetic energy and normalization of this
intensity for photon flux to form I(E), the total intensity as a
function of the photoelectron kinetic energy, E. The total measured

intensity can be written
I(E) = (x(E)+1) I (E). (1)

The function x(E) is the oscillatory contribution to tHe total
intensity which contains the structural information and I,(E) is a
slowly varying function. As in EXAFSZ1, I,(E) can be determined by

fitting with a smooth cubic spline and removed to give,
x{E) = I(E) /I (E) -1. (2)

This procedure, however, deserves additional comment for ARPEFS
experiments, and in particular for the data collected for this system.
The normal emission ARPEFS for the (2x2) S dverlayers contained a

significant amount of structure indicating possible scattering with
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path lengths of ~ 2 A. In the case of an EXAFS measurement, this
structure would correspond to non-physical bond lengths of <1 &, and
would be due to low frequency errors in the measurement. However, for
an ARPEFS experiment, the presence of this structure in the normal
emission data couid also be indicative of a sub-surface adsorption
site. Several tests were performed to determine if this low frequency
structure was indeed due to ARPEFS. First, normal emission experiments
berformed on two (2x2) S/Ge(111) samples both indicated low frequency
structure with reasonable agreement in terms of the amplitude and
frequency, but with a significant relative phase shift in the low
frequency oscillation. Thus, adding the two data sets led to a large
reduction in the amplitude of the low frejuency structure. Also, this
structure was found to be sensitive to the background removal
procedure. Finally, theoretical investigations of several models for
sub-surface adsorption, including sub-surface substitutional and
interstitial sites,.while reproducing the structure adequately with
respect to the expected fﬁequency, did not explain the relative phase
shift between the two data sets. This discrepancy could not be
explained even considering possible anguiar differences of as much as
5-10° between the two measurements, well beyond the accuracy in
determining these angles. These models also produced worse agreement
overall in the reproduction of the experiment than that obtained for
adsorption in a surface 2-fold site, to be discussed below. Thus, the
most likely cause of the low frequency structure in these data are

errors introduced in the data collection and reduction procedures due,
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foﬁ instance, to photon beam movement on the sample induced by
monochromator crystal heating and cooling.

-Having established that the low frequency osciliations do not
contain ARPEFS, structure with ffequencies below 2 A in the ARPEFS for
both geometries was removed either by Fourier filtering or by fitting
with a smooth cubic spline as indicéted above; The off-normal geometry
is expected to have real ARPEFS structgre in this low frequency range,
even for an adsorption site above the surface. However, due to the
experimental difficulties in measuring ARPEFS in this range, filtering
was also performed for those data. In comparisons to theoretical
calculations care was then taken to filter the calculafions ;n the same
manner.

Examination of the data using Fourier transforms requires the
conversion of y(E) to y(k). The photoelectron kinetic energy, E,
méasured outside the solid is related to the wavenumber, k, of the

photoelectron inside the solid by
1/2
k = 1 /h [Zme(E+Vo)] , (3)

where m, is the electron mass and VO is the inner potential of the
solid. The vélue of the inner potential is typically about 10 eV, but
the exact value is unknown and is slightly energy dependent for ARPEFS
energies. Because we are primarily interested in the qualitative

features of the Fourier transforms to be presented later, this

conversion was accomplished using a value of Vy,= 10 eV.
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ARPEFS yx(k) curves for the two experimental geometries described
above are presented in Figs. 1 and 2. The error bars indicate the
statistical uncertainty in the data. The dip in the off-normal curve
at ~ k =6 (~ jSO eV) occurs in a region where the S (1s) photopeak is
coincident in energy with the S Auger peak. However, this affécts the
data significantly for only 3 experimental points and careful fitting
in this region can minimize the effect. The structure in the y(k)

curve in this region is thus not due to this coincidence.
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5.3 Data analysis

Excellent results have been obtained in the past using comparisons
to multiple-scattering calculations to extrabt structural information
from ARPEFS. The results of this study are also depend on compariSohs
to theory to conclusively identify the adsorption geometry. It has
also been shown, however, that information can be obtained by
qualitative examination ofvx(k) curves and Fourier transforms, due to
the relatively simple nature of the scattering processes involved.
Thus, before considering the results of detailed comparisons to theory,
we will first present a discussion of the qualitative features of the
data that are apparent from examinations of the x(k) curves in Figs. 1

and 2, and the Fourier transforms exhibited in Fig. 3.'
5.3.1 Qualitative discussion

Several possible S adsorption sites were considered._ As indicated
previously, several models for sub-surface incorporation were
considered, primarily to help ascertain whether the low ffequency
structure in the normal emission data could be due to low path length
near-forward scattering evénts. These models were found'to be
inadequate and wiil not be discussed further. The most extensive
consideration was given to the various high symmetry sites that are
present on the Ge(111) surface. These sites are illustrated in Fig. 4.

This figure presents two views of the (111) surface-- Fig. 4(a)
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presents a view looking down along the [111] direction and Fig. 4(b)
presents another perspective with the‘surface normal rotated 40° away
from the reader. The four sites indicated in this figure are atop, 3-
fold hollow (a 3-fold surface site directly above a fourtﬁ layer Ge
atom), 3-fold eclipsed (a 3-fold surface site directly above a second
layer Ge atom), and the 2-fold bridge site. The following discussions
will concentrate on these four sites.

Before beginning a consideration of the ARPEFS, it is useful to
consider the characteristics of the Ge-S bonding which might be
expected for these sites, in view of the information available on bulk
compounds containing Ge-S bonds. A survey of these compounds reveals a
range of bondlengths of from 2.05 -2.44 A, with a strong bias towards
bonds of 2.15 -2.20 A. 1In particular, germanium monosulfide is a
layered compound with an orthorombic structure}22 Each S atom is
bonded to 3 Ge near-neighobors with bond lengths of 2.44 R and nearly
tetrahedral bond angles. There are additional Ge-S bonds of ~ . 3.3 A.
Germanium disulfide has a monoclinic space group23 with tetrahedral
units consisting of Ge atoms surrounded by 4 S atoms, with the é atoms
forming bridges between adjacent Ge atoms. The Ge-S bond varies from
2.17 A to 2.29 A and the Ge-S-Ge bond angle takes values of 98°-102°.

This information should be QSéful in considering likely bonding
arrangements for a given site. For instance, adsorption in an atop
site would probably involvé a Ge-S bond in the range given above. 1In
view of the structure of GeS, a reasonable possibility for adsorption

in a 3-fold hollow site would involve bond lengths close to 2.44 & and
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nearly tetrahedral bond angles to the 3 first layer Ge atoms. fhis
would require a value of about 0.8 & for the height of the S atom above
the Ge surface.

For the 3-fold eclipsed site a similar arrangement might seem
likely. However, for an unreconstructed site and reasonable (< 2.5 &)
Ge-S bond lengths, the S atom is too close to the 2nd layer Ge. Based
on the information given above for bulk Ge-S compounds, we would expect
that the S atom would be at least 2 A above the 2nd layer so that if
significant bonding to the first layer occurs,'it would be accompanied
by moderately large reconstruction involving of the Ge atoms in the
first and/or 2nd layers.

The Z—fold bridge site has an analog in the GeS, structure, as
well as the majority of other Ge-S compounds, most of which involve S
atoms bridging between two Ge atoms. With this analogy in mind and
assuming an unreconstructed Ge(111) surface and Ge-S bonds of 2.2 &,
one is lead to‘postulate a value of around 1 A for the height of the S
atom above the Ge surface.

With these rather general ideas of possible adsorption structures
in mind, we now turn to a qualitative examination of the ARPEFS data.

The important aspects of the ARPEFS that are evident from Figs. 1,

2, and 3 are as follows:

(1) The normal emission data are dominated by a single peak
in the Fourier transform with a path length (or path lengths)

of ~ 3.5-4 R and with an oscillation amplitude of - 20-25 %.
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(2) The off-normal data exhibit no very strong structure
(nothing above 5-10 %) and show no dominant peaks in the

Fourier transform.

The structure in the normal emission data is inconsistent with
adsorption in a 3-fold hollow site. For this site, one would expect
two peaks in the Fourier transform, or at least broad structure with
two centroids in the 3-5 A range, due to scattering of approximately
the same amplitude from 3 Ge near—-neighbors in the first layer and a
similar set of 3 atoms in the 2nd layer. The path lengths for thesé
two sets of atoms would be ~ 3 & and ~ 4.4 A for the GeS-type bonding
arrangement-described previously. This magnitude of path length
separation should be clearly resolvable for the data range measured.
Variations of the height of the sulfur atom above the Ge surface and
moderate reconstructions of the Ge atom positions, while maintaining
reasonable Ge-S bond lengths, would not significantly affect this
aspect of the expected Fourier transform structure.

Aﬁ explanation of the normal emission ARPEFS in terms of
adsorption in an atop site is also difficult. Although the Fourier
transform peak at 4 A could be due to a bond to a first layer Ge atom
within the range discussed above, the amplitude of the y(k) oscillation
is much smaller than would be expected for a direct backscattering
geometry. For atop adsorption, the ARPEFS would be strongly dominated
by backscattering from the Ge atom below the S. Previocus ARPEFS

13b

studies of S/Cu , for which the Cu backscattering amplitude is
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similar to Ge, would lead one to expect ARPEFS oscillations of_MO—SO %
for near-neighbor backscattering at a bond length of about 2 A.

The 3-fold eclipsed site would also involve nearfneighbor
backscattering for normal emission ARPEFS. However, in this site,
there is the possibility that the structure at 4 A in the Fourier
transform may not be due solely to this backscattering. For a
nominally unreconstructed site and with the sulfur atom 2.2 & above the
2nd layer Ge atom, the 3 Ge atoms in the first layer will also have
path lengths at normal emission of ~ 4 A, Theoretical simulations (to
be discussed later) indiéate that this leads to destructive
interference and a reduction of the strong backscattering oscillation.
Thus, we now turn to consideration of the off-normal data to test this
site further.

The off-normal geometry was choseﬁ specifically to test for strong
backscattering which should be apparent for adsorption in the 3-fold
sites. For the chosen emission angle of 60° towards [100], there
should be strong structure at -~ 5 A due to scattering from a first
layer near-neighbor Gé atom if adsorption occurred in the 3-fold
eclipsed site, as postulated for the Te/Ge(111) system. Even
considering moderate reconstructions, the constraints of maintaining
reasonable bond lengths, along with the éonstraints already placed by
thé normal emission data, would lead to scattering from this atom wnhich
would be within 10° of backscattering, thus giving a much stronger
oscillation amplitude than that which is apparent in the off-normal

curve presented in Fig. 2. A similar situation would occur for
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adsorption in the 3-fold hollow site involving backscattering from a
2nd layer Ge atom, so that the off-normal results support neither 3-
fold site.

Adsorption in a 2-fold bridge would explain the 4 A structure in
terms of scattering primarily from a 2nd layer Ge near-neighbor atom
Wwith a scattering angle of 150°, including the reduced oscillation
amplitude. Due to the different possible orientations of the Ge-S-Ge
bridge relative to the emission direction, it is difficult to discuss
qualitatively the off-normal ARPEFS for the 2-fold site. HoweVer,
these different orientations would be expected to lead to smearing of
the ARPEFS, in agreement with the lack of structure observed
experimentally.

This very qulaitative discussion, by itself, clearly does not
prove adsorption in a 2-fold bridge. However, it does provide evidence
against the 3-fold or atop geometries. To proceed further in
determining the adsorption geometry, we will examine the results of

comparisons to multiple-scattering calculations.
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5.3.2 Multiple scattering calculations

The calculations performed for comparisons to the ARPEFS for‘(2x2)-
S/Ge(111) were based on a treatment which provided excellent agreement
with ARPEFS from other systems, and are described in detail
elsewher’e.15 A brief outline of the major features of the calculations
that are pertinant to S/Ge(111) will be presented here.

Previous work has shown that a quantitative theory of ARPEFS
requires the inclusion of important multiple-scattering and spherical
wave effects. The clusﬁer calculations performed for this system .
included multiple-scattering to fourth order and also included the
dominaﬁt corrections to the plane wave approximation due to the
spherical nature of the photoelectron wave using the results presented-
in Ref. (25) The finite mean free path was treated as an exponential
'damping factor, e_r/x, Wwith A=ck. The value of ¢ was determined as ¢ =
0.75 by fitting to the mean free path results for Ge determined by
Stern et al.zu on the basis of their EXAFS measurements. Thermal
effects were treated using a correlated Debye model which accounts for
increased thermal vibrations near the sur‘faoe.15 The 'inputs to this
model were adjusted based on EXAFS determinations of the mean-squared
relative displacements for bulk GeZ_Ll and GeS.26 Values for the
enhancement of the surface vibrations over thosé in the bulk by up to a
factor of 2 were empioyed, but had little effect on the relative levels
of agreement attained fof different adsorption geometries. The finite

angular resolution of the experiment was also included.15 The effect
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‘of the inner potential was treated as an energy independent shift of
the kinetic energy scale.

The phase shifts used in these calculations were computed using a
modified version of the program developed by Pendry for L.EED.27 The Ge
potential was obtained from a muffin-tin calculation employing
overlapping Hartree-Fock atomic wave functions. The S phase shifts
were also calculated using a potential obtained from atomic Hartree-
Fock wave functions. In this case, the wave functions were truncated
and renormalized at a muffin-tin value Rmax = 1.05 A. Several values
of Rmax were tested and produced no strong differences in the results
of the analysis. The exchange potential was calculated using an Xa
approach with o taken from the work of Schwarz.28 4 total of 16 phase
shifts were calculated for each potential for energies up to 500 eV.

As disc@ssed in Section 5.2.3, the data were filtered to rehove
frequencies below 2.0 A." In addition, for the initial calculations
performed to test the agreement of the various sites, the normal
emission ARPEFS was filtered to remove frequencies above 5 A.
Calculations weré then performed with these same cut-offs. This upper
cut-off retains the dominant structufe in the data, as is apparent from
the Fourier transform in Fig. 3, and also includes a path length range
large enough to include scattering from a set of atoms in each site
which is sufficient to clearly distinguish one site from another.
Further calculations for the.normal emission geometry were also
performed with an upper cut-off of 10 A. The off-normal calculations

were all performed with an upper cut-off of 10 A.
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The overlayer structure for the 2-fold site was assumed to consist
of 3 domains of a (2x1) sfructure, in accordance with the 1/2 ML
céverage and the (2x2) LEED pattern, while both p(2x2) and 3 domains of
(2x1) were tested for the other sites. This assumption is not
critical, and only affects the ARPEFS calculated for the off-normal
emission to any significant dégree. Even in this case, the effects are
mainly at low path length values which have been excluded from
consideration as described above. For each possible adsorption site, a
series of calculations was performed with different distances of the
sulfur atom above the Ge surface (from 0.5 -1.5 A), and also with
varying values of the first Ge interplanar separation ( from 0.5 -1.1
A). Calculations performed for the 2-fold bridge cénsisted of equal
contributions from the possible orientations of the S bridge with
respect to the emission and polarization directions.

The same r-factor employed in Chapter 4 was also used in this

analysis. It consisted of forming,
r =/ [Ie(E)—It(E)]sz / J I(E)*dE. (5)

Here Ie(E) is the intensity of the experimental curve as a .
function of the energy and It(E) is the intensity of the theory. For
each geometry comparisons were made to calculated curves with V0 values
of 8, 10, and 12 eV, in an attempt to partially account for the uhknown

value of the inner potential. These r values were then averaged to

produce a final r value. Due to the *2-3° accuracy with which
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experimental angles are determined, the angles‘used in the calculations
were allowed to vary in order to obtain the best simulation of the
experimental curves. These optimum angleé were within 2° of the
expected values in all cases. The final structural parameters
determined by the r-factor analysis were quite insensitive to the exact
angle used.

Fig. 5 presents the results of calculations for the 2-fold bridge,
the 3-fold hollow, and the 3-fold eclipsed'sites for the normal
emission geometry employing an upper path length cut-off of 5 A+ For
each site, the calculation presented represents the best agreement to
the data obtained for variation of the S to first layer Ge distance (S-
Ge,) and the separation of the first and second Ge layers (Ge,-Ge,).
The results for the atop geometry are not displayed because of the lack
of any reasonable agreement. Displayed in Fig. 6 are the rgsults of
calculations performed for the off-normal geometry using the same
geometries employed for Fig. 5. The ﬁuch larger oscillation amplitude
exhibited for the 3-fold sites is a consequence of the near-
backscattering geometriés for these two cases, as discussed eaglier.

Figs. 5 and 6 clearly favor adsorption in the 2-fold bridge site.
Contour plots of the r-factor for this site are presented in Figs. 7
and 8. Fig. 7 presents the variation of the r-factor with Ge,-Ge,
along the vertical axis and S-Ge, along the horizontal axis. A clear
line of'minima is indicated for values of these two parameters such
that the S—Ge? distance is 1.8 A. This line of minima indicates that

the normal emission geometry is more sensitive to the position of the
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second layer Ge near-neighbor atom than to the first layer atoms. This
is due to the closer proximity of the second layer atom to 180°
scattering and the orientation of the photon polarization. Moving
along this line, the region of absolute minimum indicates values of S-
Ge, of 1.05 +0.02 A and Ge,-Ge, of 0.75 #0.02 A. A similar contour
plot is displayed in Fig. 8 for the off-normal geometry, indicating a
value of S-Ge, of 1.00 £0.02 A and Ge,-Ge, of 0.70 *0.02 A. The errors
given represént only the precision of the measurement determined by the
values of x?® from the fit to theory and the curvature of the minima.
These results taken together indicate adsorption in a 2-fold bridge
site 1.03 +0.05 A above the Ge surface and with a contraction of the
separation between the first and second Ge layers by 0.07 +0.05 A& (9 =6
%). The errors quoted here are based on the standard deviation of the
measurements, with estimates of the effects of experimental angle
errors ( ~ 0.02 A) and phase shifts ( -~ 0.02 & ).

Because the SEXAFS study of Te/Ge(111) indicated adsorption in the
3-fold eclipsed site, the data were tested for shifts of the S atom
toward the 3-fold eclipsed and the 3-fold hollow sites. These shifts
were found to be limited to < 0.1 &, although this conclusion is based
primarily on comparisons to the off-normal data, for which the
weak experimental structure makes comparisons to theory difficult. The
normal emission geometry is not sensitive to shifts of this magnitude
in the horizontal direction. Also due to the somewhat long Ge-Ge
distance and the 125° Ge-S-Ge angle compared to values of ~ 100°

typically found in bulk compounds, reconstructions involving shifts of
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the two Ge first layer atoms to which the S atom is bonded towards each
other were considered, but this also led to slightly worse agreement.

Calculations were also performeq for the normal emission geometry
Wwith an upper cut-off of 10 A in an attempt to determine the spacing
between the second and third Ge layers. Near-backscattering from a Ge
atom in the third layer, which is then enhanced by forward scattering
through a second layer Ge atom, should make this geometry sensitive to
the Ge,-Ge, spacing. The results of these calculations are given in
Fig. 9. This figure indicates a best value of 2.60-2.65 & for the
bilayer spacing, compared to a bulk value of 2.45 A. This represents
an expansion.of 8 +3 % in the Ge-Ge bond length between these layers.
This result applies only to the Ge-Ge boAd between the second and third
layers directly below the 2-fold adsorption site-- no information could
be obtained for thg other bond spacings. Fig. 10 and Table I present
a summary of the structlral parameters.

Models involving sulfur dimers were also considered. The
investigation of these possibilities was motivated by suggestions of
peroxy adsorption geometries for oxygen on Si. Limited calculations'
were performed for dimer bridges between two surface Ge atoms and also
for dimer structures, such as that illustrated in Fig. 11, for which
the dimer is rotated out of the plane containing the two Ge atoms, to
allow for bond’angles of 90-100° at the S atoms. None of these models
produced as good agreement as that found for the Z—fold bridge

geometry.
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5.4 Conclusions

We have performed ARPEFS measurements for the (2x2) S/Ge(111)
surface which is formed upon annealing a surface covered with 1/2 ML of
sulfur. The sulfur was determined to occupy the 2-fold bridge position
1.03 +0.05 A above the Ge surface. These studies also indicate a
contraction between the first and second Ge layers of 9 % and an
expansion between the second and third Ge layers of 8 +3 %. The
weakening of the Ge-Ge bond may provide an explanation for the
mechanism by which the étching of Ge in sulfur vapor occurs.29 This,
however, does not explain the similar etch rates observed for the
different faces of Ge.29

The different structures obtained in this study and the SEXAFS
study of Te/Ge(111) are hard to explain considering the other apparent
similarities between‘the two systems. The locally unreconstructed
adsorption site proposed for Te/Ge is somewhat unusual considering the
closeness of a second layer Ge atom to the adsorbed Te. 1In addition,
the other two cases of divalent atomic adsorption on (111) surfaces of
homopolar semiconductors-- Se/Si{111) and Te/Si(111)-~ both indicated
2-fold bridge sites.

Further studies of adsorption on semiconductor substrates using
the ARPEFS technique are planned. Preliminary LEED and AES studies of
the adsorption of phosphorus on‘Ge(111) have been performed, and ARPEFS
studies are planned. This system will extend the investigation to -

trivaient adsorbates and should provide an interesting comparison to



129

the recent angle-resolved photoemission studies and total energy

calculations performed for As/Ge(111) and As/Si(1H).30

It has been
proposed that As bassivates these surfaces by occupying first layer
substitutional sites.

While these studies can be viewed as attempts to understand the
‘basic aspécts of the chemisorption and bonding which occurs on these
surfaces, they may have important technological implications as well.
These systems may provide informatian that is important in-
understanding the changes in the CVD growth rates of Si when in situ
doping by the addition of PH, and B,_Hs31 is attempted. Different
adsorption sites of differing amounts of surface strain iqtroduced in
accomodating the adsorbate.may lead to the.reduction or enhancement of
the normal Si growth rates. For instance, the passivation of the

30

Si(1171) surface found for As overlayers may provide an explanation
of the greatly reduced growth rate when PH, is introduced. There have
also been suggestions that "surface doping" with adsorbed gases might
be employed to control Schottky barrier heights32—— kxnowledge of the
adsoption structure will help in understanding the character of the

"dopant".
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Table I. Summary of the structural parameters determined from
the ARPEFS measurement. The definitions of the parameters S-Ge,, Ge,-
Ge,, and Ge,-Ge, are the distanée of the sulfur above the first Ge
layer, the separation between the first and second Ge layers, and the
separation between the sécond and third Ge layers respectively. The

final parameter is the Ge-S-Ge bond angle.

Parameter Value
S-Ge, : | 1.03(5) &
Ge,-Ge, 0.73(5) &
Ge,-Ge, | 2.65(7) &
Ge—-5-Ge 125°

angle




FIGURES
Fig. 1
Fig. 2
Fig. 3
Fig. 4
‘Fig. 5
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Normal emission y(k) data. The upper curve gives the raw
data and the lower solid curve represents the same data after
Féurier filtering to remove "frequencies" above 10 A. The
error bar at the top displays the level of statistical
uncertainty in the data. These data represent the average of

two normal emission measurements.

Same as Fig. 1 for the off-normal data, except that only one

measurement was performed for this geometry.

Fourier transforms of the data from Figs. 1 and 2, using a
gaussian broadened (1 A) window function to reduce truncation

effects.

Two views.of the Ge(111) surface illustrating the adsorption
Sites discussed in the text. The upper panel presents a view
looking down on the surface and the lower panel gives a
perspective with the surface normal rotated away from the
reader, Two 2-fold bridge sites are included to illustrate

the different possible orientations of the sulfur bridge.

This figure illustrates the best fits to the normal emission

data (filtered at 5 A) determined from r-factor comparisons



Fig. 6

Fig. 7

Fig. 8

Fig. 9

Fig.

10
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for the'2rfold bridge, the 3-fold hollow, and the 3-fold

eclipsed sites.

-Of f-normal theofy compared to the data (filtered at 10 &) for

the same geometries used in Fig. 5.

Contour plot of the r-factor for the normal emission data.
The horizontal axis gives the distance of the S atom above
the first Ge plane, and the vertical axis gives the
separation between the first and second Ge layers (bulk value

= 0.8 A). The contours are in increments of 0.3.

Same as Fig. 7 for the off-normal data. Each contour is

incremented by 0.5.

Comparison of the normal emission data (filtered at 10 A) to
theory for several values of the separation between the

second and third Ge layers (first and second Ge bilayers).

Segment of the (111) surface indicating the adsorption site
and local structure determiﬁed from ARPEFS. The surface is
cut along a (110) plane-- the Ge atoms connected by thick
bonds are in a plane closer to the reader than those
connected by thin bonds. The sulfur is also in the second,

thin-bond plane. Oub results dé not give information about



Fig.

11
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the planarity of the Ge layers, and hence the spacing values
of 1.05 A& (S-Ge,;), 0.75 A (Ce,-Ge,), and 2.65 A (Ge,-Ge,)

apply only to the Ge atoms below the 2-fold adsorption site.

This figure presents one of the models for S dimer adsorption
that were considered. The dimers are rotated to allow for
bond angles at the S atom of -~ 90°-100°. Other models

without rotated dimers were also tested.
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CHAPTER 6

Conclusions

The results presented in this thesis, as well as those from other
studies, clearly indicate that ARPEFS has the capabilit& of providing
detailed local surface structural information. The ability to
determine the relaxation of the Ni{011) surface due to the adsorption
of sulfur, even employing simple Fourier transform methods, attests to
this fact. Also, the computational simplicity of ARPEFS theory
compared to, for instance LEED, allows for a more detailed
investigation of the possible structures for the same cost in
computation time.

While for best case situations, such as the S/Ni(011) experiment,
much informétion can be gained by direct inversion of the data using
Fourier transform techniques, this will in general not be possible.
For more complicated systems, the structure in the Fourier transform
will not be unambiguous enough to be used for this purpose without
first employing comparisons to theoretical calculatiéns. Once an
analysis bdsed on comparison to theory has been performed, of course,
the use of backtransforh techniques becomes moot. The effort expended
on obtaining data of sufficient quality for a backtransform analysis
(primarily of sufficient energy range) must be weighed against other
factors such as the limited amount of time available. In some cases it

may be preferabie to limit the data range to ~ 200-250 eV so that
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adequate time for reproduction of the data is ensured and additional
experimental geometries may be employed. This is particularlly true
since the accumulation of the last ~ 100 eV of the typically employed
energy range takes about:1/2 of the total time. Instead, the
importance of the Fourier transform results presented here and in other
studies is in the fact that they indicate that ARPEFS can be described
within avrelatively simple, local structure framework. Thus, while the
use of backtransform techniques to directly obtain pathlengths will be
limited, the qualitative information in terms of pathlength
distributions will be useful by providing an alternative, more
physically appealing view of the data.

Even without the ability to perform direct inversion of the data,
ARPEFS still enjoys some advantages. The calculations are far simpler
than LEED calculations for comparable systems and the measurement can
be restricted to obtaining information about the local structure around
a particular constituent of the surface system by choice of the
appropriate core level. The anisotropy in the possible experimental
information is much larger than‘can be obtained from SEXAFS.

Of course, there are also disadvantages. The level of
sophistication in the equipment necessary to perform an ARPEFS
experiment is greater than that tybically necessary for a SEXAFS
measurement. However, the need to have an angle-resolving electron
analyzer can not really be viewed as a restriction when ARPEFS is
viewed in the broader sense as being a sub-class of the general

technique of angle-resolved photoemission. The versatility of ARP is
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unrivaled in surface studies. .The necessity of employing éynchrotron
radiation does not compare well with the experimental accessability of
LEED, but this situation is slowly changing. The qualitative
simplicity of ion scattering makes that technique very éttractive, but
it too requires a sophisticated experimental arrangement and/or suffers
frdm experimental problems such as unknown ion neutralization factors.
It is clear, however, that each of these techniques has merits, and
only by combining them and alsc uéing the additional information which
can be obtained from techniques such as XPS and HREELS can complicated
surface structures be determined unambiguously.

In addition to serving as a means of evaluating ARPEFS, it is
hoped that the experiments presented in this thesis have provided some
interesting results on the systems studied and will stir future work.
The asymmetry between the atopped and unatopped second layer Ni atoms
suggested for the S/Ni(011) system warrants further éxpeﬁimental
studies, and also provides an interesting problem for theoretical
investigations. Chemisorption studies for semiconductor surfaces
employing ARPEFS provide an extremely interesting, and challenging,
variety of possibilities. Several directions fof future work were
suggésted in Chapter 5. The more complex nature of these systems will
make the high directional anisotropy éf ARPEFS a very attractive
feature, even more attractive than in the case of the more symmetric

adsorption sites normally encountered for metallic substrates.
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