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ANGLE-RESOLVED X-RAY
PHOTOELECTRON SPECTROSCOPY

CHARLES S. FADLEY

Departmant of Chemistry, University of Hawall at Manoa,
Honolulu, Hawaii 96822

Abstract

In this review, varfous aspects of angle-resolved x-ray photoelectron
spectroscopy (ARXPS) as appifed to solfd state- and surface chemical- studies
are discussed. Special requirements for instrumentation are first consf-
dered. The use of grazing-emission angles to enhance surface sensitivity and
study surface concentration profiTes of variocus types is then discussed.
Varfous effects that may 1imit the accuracy of such measurements such as
surface roughness, electron refraction, and elastic scattering are consi-
dered, Several examples of surface-specific electronic structure changes as
studied by grazing-emission ARXPS (e.g., valence-band narrowing and
core-level shifts) are also reviewed. The use of grazing-incidence geome-
tries for surface enhancement {s also briefly consiﬁerea. SingTe-crystal
studies providing additional types of information via ARXPS are next
discussed. For core-level emission from single-crystal substrates or
adsorbed overlayers, x-ray photoelectron diffraction (XPD) s found to
produce considerable fTne structure in poTar- or azimuthal- scans of
intensity. Such XPD effects can be very directly related to the atomic
geometry near a surface, for example, through simple intramolecular or
intermolecular scattering processes. A straightforward single scattering or
kinematical theory also appears to describe such effects rather well, thus
far permitting several structures to be solved by analyses of azimuthal
fntensity scans. Likely future developments and possible 1imitations of such
XPD structure studies are also discussed. Finally, valence-band ARXPS is
considered, and it is shown that pronounced direct-transTtion effects can be
observed provided that the specimen Oebye-Waller factor is not too small. A
simple free-electron final-state model 1s found to predict these direct-
transition effects very well, and future studies at low temperatures and with
higher angular resolution seem promising.
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278 Charles 5. Fadley

Fig. 1. General geometry for an angle-resolved photoemissfion experiment.
Specimen rotations on the two perpendicular axes shown vary 9, ¢, and ehv
over their full allowed ranges. n is the surface normal. Mavement of
the electron analyzer relative to the radiation source also can be used
to vary a and choose any 6. ¢, 6, , ¢h combination, but in XPS this has
been done very little to date, v Y

Fixed hy hy voried
‘A zimuthal Pola‘r Normal
scon scan emission
s

NPD
Type | Type 2 Type 3

i i le-resolved
. 2. Schematic illustration of three often-used types of ang
:;gtoemiss1on experiments: {1) an azimutha! scan at constant polar :ng}eéd
(2) a polar scan at constant azimuthal anglte, and {3) a scan of hv a x
normal emission (also referred to as normal photoelectron

diffraction or NPD),
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define a plane that also contains the surface normal. In this sftuation, rotation
on the two perpendicular axes shown permits varying the angles 8, ¢, and ehu over
all possible vatlues (consistent, of course with the geometric requirement that
Bpy t @t a‘- w); The 8, ehv axis 15 here taken to be perpendicular to the plane
containing km. k and the surface norma), and the ¢ axis is parallel to the
surface normal.

More general experimental geometries in which the analyzer can rotate on one or
two axes with respect to the specimen and radlation source are also possible. 1In
this case Ehv and k need not be co-planar with the surface normal and the four angles
6, 6, 8, and 4, dre tn general necessary to fully define the experiment. Such
geometries have been used considerably in angle-resclved measurements at lower
energies”"?, but very Tittle to date in the XPS regime. A final addition that fs
possible 1s the utilization of polarized radiation, as {5 just become practically
possible in XP5S studies with synchrotron radiationlo; in this case, the angles ac
and ¢£ specifying the orfentation of the polarizatfon vector £ must also be known.
However the standard XPS sources with which virtuaily all studies at hv 21 key
have to date been performed yield largely unpolarized radiation, so that we will
only later comment briefly on polarization effects as an interesting subject for
future investigation.

For a given photon energy hv, the two basic types of measurements possible in
such experiments are thus an azimuthal scan at fixed polar angle (Type 1 of Fig.
2} and a potar scan at fixed azimuthal angle (Type 2 of Fig. 2). A third and more
recently developed type of experimentn requiring the continuously tunable
character of synchrotron radiation is also shown in fig. 2; here, the emission
direction is held parallel to the surface normal and v is swept. In core-leve!
studies, this type of measurement has been termed normal photoelectron diffraction
or NPD.

The remainder of this discussion will consider specific problems and areas of
application. In Section 2, instrumentation requirements are briefly considered,
In Section 3, the general ideas relating to surface sensitivity enhancement at
grazing emission are introduced, and various examples of the uses of this effect
such as concentration profile measurements, overlayer studies, and investigations
of surface-specific electronic structure changes are discussed. The less-utilized
effect of surface-sensitivity enhancement at grazing x-ray incidence is briefly
considered in Section 4. Section 5 discusses various types of effects involved in
core-level emissfon from single crystals, particularly as related to deriving
surface atomic geometry information. In Section 6, valence-level emission from
single crystals is considered, largely from the point of view of its relationship
to bulk valence band structure.
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282 Charles 5. Fadley

PRIMARY
SPECIMEN

REF. SPECIMENS

R R

en

P HEATER CONTACT

g rotanion ¢ ROTATION GORIVE ¢ DRIVE

THERMOCOUPLE LN RESERVOIR

Fig. 4. Threc different views of a two-axis goniometer used for veriable-
temperature ARXPS studies at anguiar accuracies of £:0.5°: {a) overview
including reference sample positions, and {h},{c) two close ups with

different polar orientation. The smaller-diemeter section at left in fa) mates
with an alignment arm in the analvzer (¢7. Fig. 3ia)).
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rack-and-pinion drive 1s described in ref. 5.} The basic XPS analyzer and chamber
to which the specimen preparation chamber, specimen goniometer, and translating-
bellows inlet system is mounted 15 a Hewlett-Packard Model 5950A. Fig. 3(a) is a
1ine drawing of the overall system and Fig. 3{b) a photographic view from the
{solation valve on the XPS chamber to the preparation chamber and inlet system.
The interior specimen support tube translates on external ball bushings, and is
controlled by a drive screw. Yarious standard components such as a LEED unit,
residual gas analyzer, ion gun, leak valves, and infrared pyrometer permit
cleaning, preparing, and characterizing specimens before admitting them to the XPS
chamber through the isclation valve. Two rotary feedthrus driven by computer-
controlled stepping motors permit precision scanning on the two axes shown in Fig.
1. These feedthrus are mounted on a six-way cross together with other feedthrus
for electrical heating, thermocouple temperature measurement, and Tiquid nitrogen
cooling. Full ultra-high vacuum operation is also achieved with this system, with
base pressures in the XPS chamber of '\A-Exlo'n torr and in the preparation
chamber of ~8-10x10"1! torr.

Fig. 4 shows three photographic views of the specimen end of this goniometer.
The © drive comes in on the vertical port of the six-way cross, turns a right
angle with a set of bevel gears, and is then transmitted directly to the rotating
specimen support arm via a 1/4* o.d. drive tube. This drive tube is supported on
precision ball bearings gver its entire length of ~110 cm. The ¢ drive enters
via the rear port of the six-way cross and is transmitted via a straight interna?l
drive shaft of 1/8* diameter to sets of bevel gears and then spur gears so as
effect ¢ motion. The ¢ drive shaft is internal to and concentric with the 6§ drive
tube. Precision stainless steel ball bearings are used at all rotation points.
Although there is an overall lash in this system between the coupled 8 and ¢
motions of £1° due to the various mechanical Tinkages involved, the consistent
use of identical directions of rotation in making settings permits overall
precisions and accuracies of £0.5° in both @ and 4. Particularly for the
grazing-emission azimuthal scans to be discussed 1n Section 5, such accuracies
appear to be absolutely required for obtaining reproducibie data. The specimen
can be heated up to ~1000°C with an internal resistive button heater {Varian
No. 981-2058) to which current passes via a contact ring and a spring-loaded
floating contact, Alternatively, an electron bombardment heater for temperatures
up te 22500°C can also be mounted in the same position. Thus, full azimuthal rota-
tional freedom is maintained, an extremely useful feature in providing a self-
consistency check on data from single crystals, where the crystal rotational
symmetry should be mirrored in the azimuthal data. Thermocouple and liquid-
nitrogen connections can also be made to points near the specimen as needed.
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Angle-Resolved X-ray Photoelectron Spectroscopy
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Fig. 7. Si2p spectra at three electron exit angles for a 51 specimen
with & 15-% thick oxfde overlaye-. Note the complete reversal of the
relative intensities of oxide and element between high and low 6.
(From HiTY et at., ref. {19).)
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Fig. B. $i2p spectra at two exit angles from a chemically-cleaned Si

surface thought to have a surface hydride present. The raw data and

curves obtained via a Fourier - transform (FT)} deconvolution procedure
are shown. Note the enhancement of the hydride FT peak at 8 = 18.5".
(From Vasquez ot al., ref. (20}.)
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290 Charles 5. Fadley

area, and the detection efficiency will depend on electron kinetic energy, so
these will be written as Ae(Ek}.ﬂo(Ek). Au(Ek)' and Do(Et)‘

Within the assumptions of this simple, but for many experimental systems rather
realistic, model, expressions for 8-dependent peak intensities can be directly
derived for several usaful specimen morphologus"s'ﬂ’z2 These are depicted in
Fig. 10, where N{@) denotes a @-dependent photoelectron intensity, p denotes the
atomic/molecular number density of the species on which the emitting level s
located, a subscript k indicates a substrate level and a subscript £ denotes a
level originating in an overlayer atom or molecule, Each of these cases will now
be discussed, but we will return later in this section to consider several ways in
which the model from which the equations have been derived may be somewhat
oversimplified.

The different specimen morphologies are:

(i) Semi-infinite specimen, atomically clean surface, peak k with Ekin H Ek. No &
dependence 1s predicted and the intensity s gliven by:

N = 18(E)A (DD (E, )p, (o, /dQIA(E,) (m
This case corresponds to an optimal measurement on a homogeneous specimen for
which no surface chemical alteration or contaminant layer s present. The
expression given permits predicting the absolute peak intensities resulting for a
given specimen, or, of much mcre interest in practice, the relative intensitfes of
the various peaks. If absolute intensities are to be derived, then the incident
flux Io must be determined, as well as the kinetic energy dependences of the
effective solid angle ﬂo' the effective specimen area Ao' and the detection
efficiency Do. In relative intensity measurements {n which the quantity of
interest is Nk/Nk' for two peaks k and k', the Io factors will cancel, although
the nvoDo factors need not due to their kinetic energy dependence. The densities
P OF pk' of the atoms or molecules on which subshell k or k' is located may be
known beforehand, or may in many cases be the desired end result in quantitative
chemical analyses usfng XPS. For core levels, the differential cross section
dak/dﬂ can be calculated for either unpolarized or polarized radiation from a
knowledge of the total subshell cross section I and the asymmetry parameter By

6,23-25
via do a (2
= 11%[1 + sk(%s'inza-l)]. )
Within a one-electron central-potential model, tabulations of theoreticail .
4

relativistic Tnei's by Scofie1d23 and non-relativistic ﬂnl's by Reflman et al.
can be used to determine d°n£j/dn' or the non-relativistic resuits of Goldberg et
a1.25 for d.. and B_. for a number of atoms can be used. A1l of these tabulations

Angle-Resolved X-ray Photoelectron Spectroscopy

{a) Semi-infinite subsicate: (bl Overlayer on sem-
inhirvle substrate:

Ni@Ei

do,
ﬂ'&f{'“ﬁleﬂ

N, i8) a R ()
{c) Patched overlayer {d) Dulute, non-attenuating
on substrate: overlayer on substrale:

N' Ny

7:Frochon covered

{a} Arbitrary concentration

profile: .
<E§ij/
Ny )2
\O
d

g
R le), 'd_ﬁj ALlE,.2)

F1g._lq. Several specimen morphologies for which variable-5 peak in-
tensities can be used in order to derive concentration profiles and
other analytical information: (a} a uniform semi-infinite substrate,
{b) a semi-infinite substrate with a uniform surface overlayer, {c) a
semi-infinite substrate with a patched surface overlayer, {d} a semi-
infinite substrate with a dilute, non-attenuating overlayer (e.g., a
fracticnal monolayer coverage of an adsorbate), and {e) a semi-infinite
substrate with arbitrary concentration profiles inward from the surface.

29
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294 Charles 5. Fadley

Nm
K = —é- then yields after similar man#pulation19
N
k[r(e) t
£n +1] = —————
K Ay (Ek)s1ne . (9)

Eqs. (7)-(9) thus represent 1inearized methods for plotting data versus 1/sine
that will be considered further fn Section (3.D), where the quantitative use of
this model 1s discussed. The siopes of such plots are thus given by plus or
minus the effective gverlayer thickness t = t/Ae'.

(1v} Semi-infinite substrate with a uniform, but patched, overlayer of thickness
EF.JI.SZ_ If the fraction of surface area covered by the overlayer is vy,
that uncovered fs thus (1-y), and the resultant fntensities are given by:
Peak k from substrate:
N (8} = {(T-y)(Eq. (1)} + v(Eq. (4))
« NL(1-v) + yexp(-t/n ' (€, )sinp}] (10)

N,(8) = y(Eq. (5))
= g [1-exp(-t/n,'(E;)sine)] (1)

WAL -’-‘-E; v [V-exp(-t/A"(E, }sing) ]
N, (8) N

x [(1-y) + vexp(-t/a.' (€, )sine) ],

The overlayer/substrate ratio thus hasa 8 dependence different from Eq. (6),
and, in particular, the enhancement of the overlayer relative intensity at low @
is predicted to be less pronounced in the presence of patching or clustering.
This model might be expected to apply for overlayer growth fn which the overlayer
material (for example, a metal) is more compatible with itself than the substrate,
or could also be qualitatively useful as an extreme representation of the effects
of non-uniform overlayer growth (for example, in certain types of oxide forma-
tion}. This model has been compared previously with experimental results3]'32.
although it is not clear that patching effects can be clearly distinguished from
those due to other phenomena such as surface roughness (to be discussed below).

(12)

(v) Semi-infinite substrate with a very thin, non-attenuating overlayer. One
important example of such a specimen type is an adsorbate present on a substrate
at fractional monolayer coverage. The relevant intensities ares's:

Angle-Resolved X-ray Photoelectron Spectroscopy 29%
Peak_k_from substrate:
N(8) = N7 as Ea. (1) (13)
Peak & from overlayer:
Ny(8) = 180(E,)A (€, )0, (E,)s" (do, /dR) (sin 8)"! ()

N (0) 2 (E)ALE, IO (E, )5 (do, /dn)d
N, (e) ﬂo(Ek}Ao(Ek)Do(Ek)s(dokldn)AG(Eu)sin 8
[s' ] D (Ey ) (E,)A (E, ) (do, /da)d
= [—] X
-

Do(ik)notsk)AO(Ek)(duk/m)ne(sk)sin ]

{15)

with
s' = the mean surface density of overlayer atoms in which peak L originates
{in cm'z)
s = the mean surface density of substrate atoms (in cm'z)
$'/s = the fractional monolayer coverage of the atomic species in which
peak £ originates
d = the mean separation between layers of density s in the substrate
{calculable from s/p}.
These expressions are useful {n surface-chemical studies at very low exposures to
adsorbate molecules (s'/s £ 1), as they permit an estimation of the fractional
monolayer coverage from observed peak intensities, The assumption of no 1nelastic
attenuation in the overlayer is an extreme one, but is justified because the
macroscopic A ' of case (iit) is both difficult to estimate and dubious in its
application to such thin, non-macroscopic Tayers, and also because it represents a
correct 1imiting form for zero coverage. A recent attempt to quantitatively
assess the utility of this ana1y51533 is discussed below in Section 3.E.

{vi} An arbitrary concentration profile pk(z) of a given species in a semi-

infinite substrate34.

As a first approximation to such a situation, if the mean free path Ae(Ek) can
be assumed to be constant with depth z and thus independent of the composition
change associated with pk(z). a simple summation over atomic layers with spacing d
at depths of 2 = nd {n = 1,2, .. =) can be made to yield:

N (8} = 1A (EJA(EID (E)ALE,)(do,/dR)

X f oy (2, )exp(-2, /A (E, )sin 8) . (16)
n=}
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Charles 5. Fadley
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15 INSTRUMENT RESPONSE FUNC TIONS Pl
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Fig. 11. Instrument response functions R,(8) for two different spectrometer
systems, a Hewlett Packard 59504 with monochromatized AlKa x-ray source and
a = 72° and a VG ESCALABS with a standard AlKa source and a = 48°. Al
curves have arbitrarily been set to 1.0 at @ = 90° (electron emission normal
to the surface). for the HP system, two different entry lens magnifications
have been used: standard of 5.0X and a second option of 2.3X. Cls inten-
sities were used for the HP results; Cu2p,;, for the VG. Note the different
shapes of the curves, with the monochromatized system showing greater
deviations from the simple predictions of Eq. (1) of a constant response
function. (From ref. {12} plus R.C. White and C.5. Fadlay, unpublished
results.)
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Fig. 12. Kinetic energy dependence of the solid angle of acceptance into
a Hewlett Packard 5950A spectrometer, as determined from detailed electron
trajectory calculations for two different entry lens magnifications.

(From Baird, ref. (37).

Angle-Resolved X-ray Photoelectron Spectroscopy
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Fig. 13. 117ustration of three effects providing additional complexities
1n the analysis of angle-resolved peak intensities: (a) surface rough-
ness, (b) elastic electron scattering, and (¢) electron refraction in

crossing the surface barrier ¥,.

Fig. 14. Calculation of electron refraction effects for different
electron kinetic energies and a typical V¥, value of 15eV. The degree

299

of refraction is indicated by the difference 6’ {internal) — 8 {external).

Contours of equal probablility of internal reflection are also shown.
(From ref. (5).)
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302 Charles S, Fadley Angle-Resolved X-ray Photoelectroa Spectroscopy

reflection effects can be very serious problems fn measurements in the UPS regime
of 20-40 eV. [In the XPS region of A500-1500 eV by contrast, refractfon and
reflection should not be significant for @ » 10-15%, where 8°-8 < 3° and the
internal reflection 1s £ 10%. Nonetheless, such effects should be taken into
account whenever possible in any fully quantitative analysis of ARXPS data for

8 x 20-30°.

Having considered both the simple quantitative models applicable to ARXPS
intensities and several effects which could cause deviations from them, we now
turn to f1lustrative examples involving several specimen morphologies and several
types of phencmena that 1t has been possible to study.

D. Applications to uniform overlayers

As one example of ARXPS as applied to the study of uniform overlayers, we
considar work by Clark and co-workers36 on polymer fiims deposited in situ on
metal substrates. In this study, poly{p-xylylene} fiIms of different thicknesses
were deposited on a smooth Au substrate, Thicknesses t were measured with a
quartz crystal deposition monitor. The Cls intensity from the film and A“‘f7/z
intensity from the substrate were measured at several & values for each fiim,
including values obtained in the 1imit of infinite thicknress. Plots of

Ners(®) Nauar, (8}

and in _7_7[2_ vs t/siné were then made, according to the

Ners Nauds

!

Audt,
(N TOW)
o0F 8 0
UL By 20 B W
LE R 28I
o & a .

Nyas (807N T

Au SUBSTRATL:

C OVERLAYER {1 Ngy, (017N,

&n|t-
172

linearized relations of Eqs. (7) and (8). Such data are shown in Fig. 15 and it
is clear that the points for various thicknesses and 8 values are very well
described by a straight 1ine. There is also very good agreement in the overlayer
Ae' values obtained via least-squares fits for data at different 6's, as given for
both the {1s and Au4f7 /2 kinetic energies on the figure. Yarying 6 thus provides \
a very useful additiona) dimension im such data, We note, however, that high @ o 20 a0 & o0 20 40 s¢ e
values were utilized, being from 90 (ncrmal emission) down to 40", and thus that tund 1/3iné

various additional effects expected to be stronger at low 8 such as roughness,

Fig. 15. Angle-resolved core-level intensities from a2 specimen consisting

elastic scattering, and refraction have probably been minimized, of a uniform overlayer of poly(p-xylyene) on a polycrystalline Au sub-
As a second case, we consider 5102 overlayers thermally grown on highly polfshed strate. Overlayer Cls and substrate Audf,,. intensities were measured
at four © values and for different overlayer thicknesses, and then
single-crystal Si substrates; some example data have already been shown in Flg. 7. plotted according te Egs. {7) and (B). Line stopes were then used to
In the first ARXPS study of this type by Hi11 et al.lg, four oxide thicknesses as derive A (E) values in the overlayer (here indicated as A(E}). (After

lark and Thomas, ref. (36).
determined by ellipsometry were studied and the 8 dependence of the Clark and Thom ref. (36)

Si2p(oxide)/Si2pelement) ratio measured. As the kinetfc energies of the two
peaks are essentially fdentical, Eq. (9) provides a useful method for analyzing
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06 Charles 5. Fadley

corresponding to [100] and [111] directions. (For N12p3/2. it was important to
include the intensity of the satellite at ~6 eV.) As expected, the Ni Tevels
showed marked single-crystal channeling effects in their polar scans, but these
were very nearly averaged out in a sum of the two scans at different azimuths.
This is {llustrated in Fig. 17, where the summed data for each Ni level also fit
rather well the form expected for the Hewlett-Packard instrument response function
(cf. Ftg. 11).

The adsorbate/substrate ratios S2p/Ni3p and 52p/N12p3,2 were calculated from Eq.
{15), with all parameters being evaluated as accurately as possible for the
specimen and experimental geometry utflized. This included utilizing the known
coverage of s'/s = 0.5, theoretical photoelectric cross sectionszs. and energy
dependences of both Ae in the substrate as given by (Ek)”2 and q, as given by
Fig. 12. The calculated curves are directly compared with experiment in Fig. 18,
and there 1s very good agreement as to both the 1/sing form and the absolute
magnitude of the ratio, even though the 8 range covered 15 extremely broad
(90°-7°). The two sets of data never disagree with theory by more than ~£10%.
Theary is however above experiment at low & for the 293/2 ratio, whereas it 1is
balow in the same region for the 3p ratio. This could be due to the much shorter
mean free path for the lower energy N12p3/2 peak, a fact which could lead to some
low-8 inelastic attenuation in the overlayer that is not included in the model of
Eq. (15). HNonetheless, these effects are not large, and, particularly if higher
energy peaks are utilized, it appears that such azimuthally-summed measurements
should permit rather accurate coverage measurements to be made, even in the
presence of strong single crystal effects. In addition, differences in the forms
of such ratio curves as a function of exposure or annealing could be useful 1in
detecting adsorbate penetration fnto the substrate, as the degree of increase in
an adsorbate/substrate ratio at low & should decrease in the presence of any
penetration. For too high adsorbate coverages, however, there could be concern as
to the validity of the non-attenuating assumption for the overTayers.

F. Studies of more complex concentration profiles

In the category of more complex concentration profiles, we begin by considering
a single-crystal specimen of LaB6 with alternating layers of La atoms and 85
octahedra perpendicular to the {001) surface {cf. Fig. 19{a)). When such a
surface is polished, cleaned in situ by fon bombardment, and annealed to form a
well-ordered system, the question arises as to whether La or BG layers will lie on
the surface. Aono et a1.46 have studied this with ARXPS, measuring polar scans of
both La and 8 core levels, as shown in Fig. 19(b) at two different azimuths,
Although there are pronounced single-crystal channeling effects in the intensities

Angle-Resalved X-ray Photoelectron Spectroscopy

c{2%2)5 on Ni{0O1)
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Fig. 18, Comparison of experiment and theory for the polar-angle
dependence of an adsorbate/substrate intensity ratio for the very well
defined overlayer of c(2x2)S on Ni(001). The Ni2p,,, and Nilp inten-
sities are averages of two azimuths (cf. Fig. 17). %he theoretical
curves are calculated according to Eq. (15) with no adjustable
parameters. (From ref. {33).)
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Fig. 20. The 8 dependence of Fe3p and Hi3p core intensities for an
Fe/Ni alloy before and after jon bombardment of the surface. Note
particularly the marked change in the variation of the Fe/Ni ratio
with bombardment. (After Nefedov et al., ref. {48).)
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Fig. 21. Experimental Culpy,,/ Ni2p3,; relative intensities
froma Cu/Ni alloyare shown as a function of & in (a}. In (b},
the N1 concentration profile as derived from these measurements
using an analysis based on a simplified revision of fq. {17} is
presented. (From Pijolat and Hollinger, ref. (34).)

Angle-Resolved X-ray Photoelectron Spectroscopy mn

very well describes the CU?P3IZ/N1293,2 ratio data. The profile 2lso agrees
qualitatively with that expected from theory. However, the layer-by-layer
variation of p provides essentially a multiparameter fit, so that good agreement
between theory and experiment does not assure meaningful theoretical numbers,
Also, the inclusion of Tow-@ data down to ~6° could bring in errors due to
roughness, refraction, or elastic scattering; 1t would be interesting to repeat
the enalysis for say @ 2 15-20° to check self-consistency. Nonetheless, this
general idea for trying to derive arbitrary monotonic profiles is promising and
well worth further investigation,

As a final and even more compiex type of concentration distribution, mention
should be made of systems that may exhibit concentration gradients both laterally
along the surface as well as {nward from the surface. Thus in general the density
will be given by p(x,y.z). One important class of specimens exhibiting such
character is supported heterogenous catalysts, in which active metal atoms may
reside within pores in the support, or may coalesce under sintering to form very
small metal particles along the surface of the support. This complex concentra-
tion distribution, together with the generally very rough character of the support
surface, will make any sort of angle-resolved measurement rather difficult to
interpret unambiguously, for reasons we have discussed previously. However,
fixed-angle intensity measurements, together with specialized models incorporating
some of the ideas in the patched overlayer of Eqs. (10) and {11), have been used
to derive usefyl information concerning atomic migration and partfcle sizes on
heterogenous catalysts, as discussed recently by Delgass and co-\mrkers49 and by
Meisel et al.so.

G. Studies of surface-specific electronic structure changes

(1} Surface core-ltevel shifts. ARAPS has also been used to verify that core-
level binding energies of atoms in the outermost layer of a material can be
shifted relative to the bulk. This effect was first unambiguously observed by
Citrin et al.S]. who used very high resolution {~ 0.25 eV} XPS to study the 9
dependence of core levels in Au, Ag, and Cu. Some of their results are summarized
in Fig. 22. For Ag and Cu there is 1ittle change with 8, but for Au, a shoulder
grows in on the low-binding-energy side of the 4f712 peak for low 8. This is
reminiscent of the discussion of the Si data in Fig. 8, and suggests a less-
tightly-bound species near the surface. The Au data they have analyzed using a
two-companent mode! (i.e., a one-monolayer Auf{surface) layer and Au(bulk}) with
a-dependent intensities given by £gs. (4} and (5). This model is found to provide
a self-consistent analysis of the data with & surface-to-bulk shift of 0.40 &¥ and
a surface component localized entirely in the first atomic layer. Such
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Fig. 24. Comparison of experimental and theoretical Cu 3d-band widths
as a function of 6. The width s here measured using the second moment
of the 3d intensity, although very $imilar results are obtained tn
using the FWHM. Theory is shown for the three lowest-index surfaces.
(From Mehta and Fadley, ref. (55).)
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Fig. 25. Polar dependence of plasmon inelastic losses for Ols from
oxygen adsorbed on a polycrystalline aluminum surface. The expected
positions of bulk- and surface- plasmon loss peaks are also shown.
{From Baird et al., ref. (57).)

Angle-Resolved X-ray Photoelectron Spectroscopy ns

Here, zj ts the depth of the jth layer and electron refraction has been allowed
for in using @' instead of 6. The curves calculated in this way for three
low-Tndex faces of Cu agree very well with the experimental curve, as shown in
Fig. 24. The forms of the curves also agree for Ni, although theory predicts a
larger effect than that observed. However, in view of the simple initial-state-
only mode]l used and the 1ikely greater influence of many-electron effects in
nickel d-band emission, the overall conclusion can certainly be made that these
ARXPS results display surface d-band narrowing effects for both metals. The fact
that decent agreement is obtained even at angles as low as 6=5° aiso suggests that
surface roughness may not be a major problem for very carefully prepared surfaces
{In this case, the metals were deposited in situ on yltra-smeoth glass
substrates.)

Citrin et al.s‘ have subsequently used similar measurements on Au to isolate the
surface and bulk components of the density of states, thus fllustrating surface
narrowing and other featural changes. The model used in analyzing this data is
analogous to that described in Section 3.G(1) for surface core-level shifts,
Their assumption that only the density of states of the first surface layer
differs from that of the bulk deviates somewhat from theory, houever54'56. which
suggests that the first 2-3 layers may differ. 1n any case, their results appear
to be at least qualitatively correct,

Overall then, such ARXPS measurements have provided another type of information
concerning the surface electronic structure of metals, and their application to
other classes of materials should also be of interest.

{iv) surface plasmon losses. A final effect that 1s of interest in connection
with the enhanced surface sensitivity achievable at low 8 1s a change in the
relative intensities of various inelastic loss processes. For example, for an
atomically clean surface of aluminum {which exhibits well-defined surface- and
bulk-plasmon excitations at different energies}), it has been found by Baird et
11.57 that the surface plasmon losses are markedly enhanced in relative 1mporiance
at low 8. The reason for this enhancement is that the surface- and bulk-plasmons
are spatially orthogonal. Thus, because decreasing the angle of exit also
decreases the mean depth of emission, the relative probability of exciting a
surface plasmon is alsoc increased at low exit angles. Comparisons of such data
with theoretical calculations for a free electron metal furthermore yield good
agresment with experimental relative intensities and further indicate that the
creation of plasmons accurs by means of both extrinsic processes occuring after
photoelectron excitation and intrinsic processes occuring during excitation57. A
further feature of such angular-dependent loss measurements that is of interest in
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s Charles 5. Fadley

4. Surface Sensitivity Enhancement at Grazing X-ray Incidence Angles

A second mechanism producing enhanced surface sensitivity involves measurements
carried out at very low x-ray incidence angles B For eh“ £ 1%, 1t was first
noted by HenkeZI that the mean x-ray penetration depth in & typical KPS experiment
{which is a very large 103—105 ; for Oy > 1) decreases markedly to values of
the same order as the electron attenuation length A,. This further suggests that
surface-atom signals will be enhanced in relative intensity at low B¢ 25 wWas
first demonstrated by Mehta and Fadleysg. The reason for this decrease in x-ray
penetration depth is the onset of significant refraction such that Bhv' <«< B,
(cf. Fig. 9) at the solid surface. The interactions of typical XPS x-rays with a
homogeneous medium are furthermore well described by a macroscopic classical
treatment.ZI and detailed expressions for predicting penetration depths and
expected surface sensitivity enhancements in terms of the material optical
constants and other parameters have been presented elseuhere.s‘ﬂ’s9

As a recent example indicating the surface sensitivity enhancement possible
at low 6, , Fig. 26 shows data obtained from a clean polycrystaliine Cu surface
for which the Cuff3é /Culp ratio was measured as a function of the mean x-ray
incidence angle 6, Because the kinetic energy of the Cu2p3/2 peak {549 eV) is
much lower than that of the Cu3p peak {1406 eV}, its mean free path will be
significantly lower. Thus, the mean depth of 2p3‘,2 emission will be less than
that of 2p emission under normal circumstances of x-ray incidence, and any
significant reduction in the x-ray penetration depth at low eh“ will act
preferentially to turn off more of the 3p signal. Therefore, the ~25% fncrease
in the Cu2p3/2/Cu3p rattc noted for 5;v % 0° is a clear indication of surface
sensitivity enhancement, There {s also good agreement between experiment and
theoretical calculations including both refraction and reflection effects, as also
shown in Fig. 26. Note the very sharp onset of the 1ow-6hv enhancement over a
region of only a few degrees near ehv = 0°, More pronounced effects have also
been noted 1n the C15/Audf ratio for Au with a carbonaceous overIayersg. and in
the Sizp{oxide)/Si2p(element) ratio for silicon with varying oxide overlayer
thicknesses.ﬁl Also, the known optical properties of several solids at XPS
energies of ~1.5 keV have been used to predict that such phenomena should be of
very general occurrence.5

It should be noted in connection with such grazing-incidence studies, however,
that surface roughness effects can be extremely important in any attempt at
quantitatively analyzing such data.61 This is due to the very small tncidence
angles involved, so that if the true microsopic incidence angle 3:v deviates by
even A0.1° from the macroscopically measureable By 2 significant change occurs

Angle-Resolved X-ray Photoelectron Spectroscopy N9

in the degree of refraction and reflection. Thus, surface preparation and
accurate angle measurement are both very critical. Further practical problems are
that the x-ray source ought to have a very well defined direction of incidence
(Aehv £ 1° in Fig. 9) and that surface shading by any roughness present will
generally act to much diminish absolute photoelectron intensities at low B
Thus, grazing-x-ray-incidence surface enhancements may serve as a useful
complement to those at grazing electron emission, but the measurement and
{nterpretation of the former data may not be as straightforward.

L 1 T T L L] 1 T 1 T
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Fig. 28. Experimental polar dependence of Ge XPS and Auger intensities
above a Ge{110) surface for 8 scans in a (1101 azimuth. Ge3d and Ge2py,,
XPS intensities are shown together with the Ge LiMg,sMg s Auger intensity.
No allowance has been made for the instrument response function.

{From Owari et al., ref. {(64).}
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surface with C, symmetry exhibit near mirror symmetry about a [110] azimuth for ¢
= 45°, a point we will amplify on below, The strongest substrate diffraction
featyres are alsc most often seen along high-symmetry azimuths as well, and this
suggests the possible use of such features for determining crystal or{entations.
Finally, if the substrate angular distributions of Fig. 28 are considered, it is
clear that the lower-energy photoelectron peaks exhibit broader features than
those at higher energy: specifically, the GQZpslz angular distribution at 270 eV
has less fine structure than that of Gedd at 1457 e¥. This last observation s a
straightforward consequence of the change in de Broglie wavelength with energy,
with shorter wavelengths at higher energies being capable of producing sharper
diffraction features due to interference effects.

The previocus point concerning the desirability of high angular resolution is
further 11lustrated in Fig. 31, where experimental CuZpuz azimuthal data from
Cu(001) at a polar emission angle of 45° fs shown for two different analyzer
angular acceptances: cones with half angles of 4.5° and 1.5°. The angle steps
used in accumulating the data were A9 = 1.0" for both cases. It 1s clear that the
t1.5° aperture yields data with considerably more fine structure, including some
features of only a few degrees in width. Although most of these features car also
be seen in the +4.5° data, they are much easier to resolve in the £1.5 curves.
Thus the optimum use of XPD in deriving structural information will in many cases
require instrumenta) angular resolutions of approximately 1-2°.

The azimuthal data of Figs. 27 and 30 further illustrate some important points
concerning data analysis. The raw data of Fig. 30 for 01s emission from c(2x2)0
on Cu(001), which is shown as dashed curves, has been obtained by scanning over a
full 360° in azimuth., Thus, in view of the qu symmetry of the surface, there is
redundancy in the data that can be used to average out noise and to check for the
reliability of various features. One useful method is to fourfold average such
data by adding the points at ¢, 4+90°, ¢+180°, and ¢+270°, thus partially
accounting for the known symmetry associated with the surface; in general, this
averaging reduces the anisotropy Alllmax' Subtracting off the minimum intensity
and replotting then yields the "flower” patterns shown as solid curves, These can
in turn be compared with the raw data to be sure that all features present in the
fourfold-averaged data are consistent with similar features in each quadrant of
the raw data. Any misalignment of the azimuthal rotation axis with respect to.the
[001] surface normal also becomes very evident in such comparisons. Finally,
since the symmetry operations of mirror reflection across ¢=0°, 45°, etc. have not
been included in the fourfold averaging, the presence or absence of such mfrror
symmetry can be used to judge feature accuracy and overall statistical
reliabiiity. For example, in Fig. 27, such fourfold-averaged data for Cupr2

Angle-Resolved X-ray Photoelectron Spectroscopy 323

Ols - Experiment

§:7° AL/ 0 243 KO° 23%

Fig. 30. Experimental azimuthal dependence of the Ols intensity for a
¢(2x2} overlayer of oxygen on a Cu(001) surface. Seven different palar
angles of emission are shown. Both the raw cata of a full 360" scan and
fourfold-averaged data from which the minimum intensity has been subtracted
are shown. The overall anisotropies A1/Igax are also indicated for each
set of fourfold-averaged data. (From Kono et 1., ref. {63).)
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Fig. 32. Experimental polar dependence of normalized core intensity ratio§
for different peaks resulting from a single crystal of the mineral muscovite

(K(AL2}{S14A1)075(0H)2).

The full range of excursion is indicated as a per-

contage, and A, denotes the ratjo of de Broglie wavelengths of the two

peaks involved i

n a given ratio.

{From Adams, Evans, and Thomas, ref. {66).)
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exactly the same type(s) of lattice site(s) in the crystal should show exactly the
same XPD pattern, as long as their de Breglie wavelengths are not different by
more than ~30X; thus, their normalized ratio should be very near ynity regardliess
of polar angle. This 1s trivially the case for the K2p/K3p and $12p/$12s ratios
arising in 4 single atom. B8y contrast, photoelectrons artsing from atoms with
very different sites should exhibit the greatest excursions from unity, as for the
n+25% deviations in the $12p/K2p ratio; this is consistent with the known
structure of this mineral. The reduced value of the S12p/A12p excursions of +15%
(as compared, for example to $i2p/K2p} is furthermore suggestive of some Al in
stoichiometric excess of that needed to occupy normal octahedral sites going into
tetrahedral sites that are predominantly Si. As a second example of site-type
determination, ng. 33 shows polar-scan data obtained by Nihei et al.“ for a Au
overlayer of ~85 A thickness grown onto a (110) surface of GaSh. With annealting
at 400°C only, the Audf XPD pattern is relatively featureless, suggesting an
amorphous overltayer, whereas both the Gald and Sb4d patterns exhibit considerable
fine structure. After annealing at 540°C, however, the Audf pattern becames very
nearly tdentical to the Ga3d pattern; as these two peaks are furthermore very
close in kinetic energy, 1t is thus suggested that Au has preferentially displaced
Ga in the GaSb tattice. This kind of atom-specific order and site tnformation
would be difficult to obtafn in any other way.

As a final introductory comment, we note that L*lebsch68 first pointed out from a
theoretical point of view how adsorbate core-level photoelectron diffraction might
be ysed to determine surface structural information. This work involved
multiple-scattering theory for low energies as appropriate to an ARUPS experiment.

B. The single-scattering cluster {$5C) model

In discussing more quantitatively such XPD effects, it is necessary to introduce
a more detailed model of the scattering and interference phenomena that are
expected to occur for photoelectrons in the ~500-1500 eV energy regime. Such a
model can be formulated at varying levels of complexity from a straightforward
singie-scattering or kinematical appr‘oachsz'!'“'59 to more complex dynamical
treatments incorporating some degree of multiple scatteringﬁa'm‘”. Fortunatetly,
we have found that a very simple single-scattering model as applied over a finfte
cluster of atoms appears to very weil describe most of the features in
XP062'63'59, and it is thus this approach that will be discussed below.

The essential elements of this single-scattering cluster {S5C) model are shown
schematically in Fig. 34. The basic assumptions are essentially identical to
those used in describing extended x-ray absorption fine structure (E)(.AFS)M’73 and
a similar model has also been applied (although rather unsuccessfully) to angle-
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The SSC model as

resolved Auger emisston at very low energies of <100 ev
62 63

appropriate to XPD is discussed in more detatl eiseuhere
essential assumptions and mathematical results will be ocutlined here.

Radiation with polarization £ s incident on some atom in the cluster, from
which it ejects a core-level photoelectron. (In Fig, 34, the emitting atom is
shown near the surface,but it could as well be any atom in the substrate.) The
prablem is then to describe the single scattering of this wave from all other
atoms j in the cluster, keeping track of the phase shifts introduced by both the
scattering and path length differences and finally to sum the wave amplitudes so
produced to yield the total photoelectron amplitude. Squaring this amplitude then
yields the intensity expected in a given emission direction, as denoted by
the wave vector k. That is, if ¢°(F.E) {s the photoelectron wave at r as emitted
directly into direction X and o(F.Fj+F) is the wave resulting from initial ¢,
emission toward a scatterer } at ?j and then subsequent scattering so as to emerge
from the surface in the direction of k, the overall wave amplitude will be given

by

+ 50 that only the

WRE) = o (FR) + [ o5 (F.F k) (24)
i

and the photoelectron intensity by

&) = [p(F.R)[* . ‘ (25)
Because the detector is sftuated at essentially T== along K, all of the waves
in (24) can f1na1ly be taken to have the limitfng spherical forms 4, = exp(ikr)/r
or ¢ « exp(ik|F- r |)/|r r |, although the actuzl amplitudes of each type in a
g1ven direction wi}l be modulated by the photoexcitation matrix element and, for
the ¢ 's, also the scattering cross section, It 1s further assumed that the
portron of ¢ which passes to the scatterer j to produce ¢j also decays in
amplitude according to a spherical wave assumption, or as 'Ilrj If the
scattering angle is Bj' the gverall path length difference between LA and °j is
then r (1- cosej)

The direct1onal modulation of the inftial photoelectron wave ¢ woutld most
accurately be treated by considering both the £+l and 2-1 components produced in a
dipole excitation from an nf subshell, and determining the matrix element
involved70'72. Fujikawa, for example, has recently discussed this approach
For the special case of ns emission, however, this reduces simpty to an

2.k dependence?®, and it is this form that has been used fn most prior XPD
ana]yse563'69 Since the differential photoelectric cross section

(E K)/dn is proportional to intensity rather than amplitude, another
approximation would be to use a ¢, modulation of [donl(e i)ldﬂ]”z 64 Although
this is not strictly correct and does not account for possible sign changes in the
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matrix element with direction due to the phatoelectron parity’s. it 1s probably an
adequate approximation for XPD in which the electron scattering process will be
seen to select out r, choices very nearly parallel to K; that 1s, for the range of
j directions near the ¥ direction that produce significant scattering, the matrix
element varfes little, so that a very precise description of it 1s not required.
In fact, predicted XPD patterns have not been found to be very sensitive to the
exact way in which the matrix-element modulation is included, particularly as
regards averaging over £ 1n an unpolarized source62 63. We shall thus use the
simple 2-k form 1n what follows.

The electron-atom scattering that produces ¢J fs assumed to be adequately
described by a complex scattering factor

file;) = 1 (e, )Iexp[wj(e 1. (28)
where wj(ej) is the phase shift associated with the scattering The scattered
wave ¢j is thus proportional to fj(ej)exp1k]r- t7]P-F |, with an overall phase
shift relative to 9, of kr (l-cosej) + w (8 ) that is due to both path length
difference and scatter1ng The use of th:s form for ¢, implicitly assumes that
the portien of % incident on the jth scatterer has sufficiently low curvature
compared to the scattering potential dimensions to be treatad as a plane wave.
This {5 the so-called "small-atom" approximation’s, and it should be fully
adequate in XPD for all but perhaps the nearest-neighbor atoms to the emitter.

Even for such nearest-nefghbor atoms, the only effect of inclusion of ¢, curvature
will probably be to somewhat reduce the amplitudes of certain forward-scattering
peaks in 1(K} in comparison to those predicted with the use of Eq. (26) , 50 that
ts neglect should not be serious. A further important point here is that, as
energy 1s fncreased, the region of the potential well that is affective in the
scattering is reduced in diameter, so that the small-atom approximation should
because of this be more vali{d than prior criteria76 might indicate.

The scattering factor fj(ej) is most accurately determined by applying the
partial-wave method to a suitable spherically symetric-scattering potential for
each atomic type in the cluster. The number of partial-wave phase shifts needed
goes up with energy, and for a typical scattering potential of effective radius
1.5 A would be > 8 for Epqn = 500 eV and » 24 for 1500 eV. Tabulations of free-
atom scattering factors at energies spanning the XPS regime exist’g. Alterna-
tively, scattering potentials more appropriate to a cluster of atoms with over-
lapping charge densitfes and potentials can be constructed via the muffin-tin
model employed, for example, in LEED‘I'42 The free-atom fj's generally are
Jarger in magnitude than their muffin-tin counterparts due to their neglect of
charge and potential over1ap62 63, Both types of f 's have been employed in XPD
calculations, and they do not yield significantly different I1{K) curves, although
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PHOTOELECTRON ANGULAR DEPENDENCE : Cu 2py,,

20 THEQRY
— — DAMPING:1D
———— DAMPING: 0

f\ ERPERIMENT

RELATIVE INTENSITY

AZIMUTHAL ANGLE ¢

fig. 37. Comparison of experiment and single-scattering cluster (SSC)
theory for the azimuthal dependence of CuZp;., emission from Cu{001) at
varfous polar angles between 7° and 18.4°. The notation damping = 1.0
refers to the use of [fy{6}j! values with no empirical reduction factor,
whereas dampirg = 2.0 refers to theuse of values reduced by ks to optimize
agreement with experiment. Note that the only significant changes pro-
duced by the use of such campinc are for two fine structure features
near ¢ = 45° and for © = 7° and 10°. (From Kono et al., ref, {63).)
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336 Charles 5. Fadley

is appreciably different from zero tends to 1imit cluster sizes in
most cases. They thus can range from 2 atoms for near-normal emission from a
vertically oriented diatomic molecule on a surface” to as many as several hundred
atoms for substrate emission in which bath the emission and scattering must be
summed over several layers into the bu1k62+63, Howerers, even for the largest
clusters so far considered, the inherent simplicity of Eqs. (28) and (29) stfll
yields calculations which do not consume excessive amounts of computer time,
especially by comparison with those necessary for LEED or UPS simulations.

A further physical effect of importance in making comparisons to experiment is
the possibility of electron refraction at the surface, as discussed previously in
Section 3.C. Fig. 14 indicates that, even at the relatively high energies of XPS,
for emission near grazing, angle changes &'-6 of a few degrees can be produced by

Thus, especially for adsorbate studies such as that shown fn Fig. 30,
This

for which BJ

refraction.
a proper-allowance for refraction is necessary, at least for & values £ 10°,
is done by using a suitable inner potential Vo derived from experiment and/or
theory and Eq. (19) to predict & for a given internal propagation direction @'.

In the presence of an adsorbate, the exact form of the surface potential barrfer
thus becomes important, as ft may not then be possible to assume an abrupt rise to
the vacuum leve] at the substrate surface, Also, the presence of adsorbate atoms
may alter Vo through changes in the work function, and these atoms also may occupy
positions above the surface in which only a fraction of V is appropriate.
Although a prior study of 0 on Cu(001} indicates that the predicted XPD results
are not particularly sensitive to the choice of v , 1t s important to
realize that not properly allowing for it may sh1ft theoretfcai XPO patterns by as
much as a few degrees with respect to the actual @ values at which they will be
observed.

A final step in any realistic calculation based upon this model is to integrate

the direction of emission K over the solid angle n, accepted into the electron

ana1yzer62’63. For most of the calculations reported here, this has been over a
cone of $3.0-3.5% half angle, although for certain cases a smaller cone of 1].5°
has been used.

There are several reasons, however, why the XPD effects predicted by such S5C
calculations are from the outset expected to be larger in amplitude than those
observed experimentally. (This is a common type of discrepancy in other
diffraction calculations as well, as, for example, in LEED.} These have been
discussed previously in connection wtih XPD 3. and are: (1) The actual surface
may have irreguiarities on an atomic scale that are not included in the usually
idealized model cluster. Also,adsorbates may exhibit more than one type of bonding

site, especially if unobserved steps or dislocations are present on the surface to 3
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some degree. These effects will in general tend to average out APD effects in
experimental data relative to a highly 1deal calculation. (2} The lack of a
fully-converged cluster of atoms in the calculations would also tend to produce
greater anisotropy, as atoms near the periphery of a larger cluster add so as to
produce a nearly {sotropic background. (3) The inclusion of spherical-wave
character for nearest-neighbor scattering will qualitatively tend to reduce the
scattering strength, at Teast in the forward direction. This effect has been
quantitatively estimated in XPD calculations for Cls emission from molecular co,
where 1t appears to reduce the forward scattering diffraction peak by about 1/2 as
measyred with respect to the hackground 1ntensity77f {4) vibrational effects,
especiaily at a surface or for an adsorbate, may not be adequately described by
simple Debye-Waller factors, and lead to enhanced supression of XPD features. (5)
Multiple-scattering effects also may be present to some degree, and these would
generally be expected to smear out some features. (6) The presence of a non-
isotropic inelastic scattering mechanism (for example, associated with excitations
of rather Tocalized valence electrons) also could reduce the relative intensities
of diffraction features. Such phenomena have been noted as a source of reduced
diffraction effects in EXAFS back scattering, for example, although it appears
that for forward scattering the optical theorem’~ will require an increase in |f.
due to inelastic processesaz Such effects need to be further {investigated for
forward scattering at the ~103 eV energies appropriate to XPS. The last four of
these effects thus need to be explored in further theorstical treatments of XPD,
but we shall show that the much simpler SSC model not incorporating them still
seems to describe the observed experimental phenomena rather well.
As a final comment concerning the SSC model, we note that 1t can be directly
reduced to an expression very close to that used in EXAFS analyses72 if it is
assumed that all scattered waves ¢, are small in magnitude in comparison to -
Then, if we begin at Eq. (28} (for simplicity neglecting any averaging over &),
we see that all terms such as ¢j¢; and ¢j¢; can be neglected in expanding the
absolute value squared. The thermal diffuse scattering term thus can also be
neglected, After some simple algebra, it can then be shown that
1K) = (2-k)2 72"t 4 Z(E-R)e'YLg e—,,::*’ IRCRITEN

x cos(krj(l-cosaj) + wj(ej)). {30)
This simplified form has in fact been used recently by Orders and Fadley in
successfully describing several aspects of normal photoelectron diffraction

*This factor of épprox1mately 0.4-0.5 for nearest-neighbor scattering

has also been ver1f1ed in recent much more detailied XPD spherical-wave
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340 Charles 5, Fadley

emissior from a Ag (110) crystal wtih SSC theory and found very good agreement for
all major features.

As a final example, we show in Figure 39 a very recent comparison of $5C
calculations and experimental results obtained by Nihai et 31.87 for polar scans
of three core peaks in a crystal of Gal_xAles (x 2 0.5) with (110) orientation.
The SSC model utilized was somewhat simplified from that discussed here. Again,
almost all of the features are correctly predicted in position and relative
intensity, with the sole exception befng & shift of A6° of two features for Asld
in the range 50° 8570

Overall, the test cases studied to date thus permit tentatively concluding that
S5C calculations provide a very good description of the XPD effacts assocfated
with substrate core-level emission. The degree of agreement found is even
somewhat surprising in view of the fact that emission along or near lines of atoms
in the crystal might be expected to enhance the importance of multiple scattering
effects. {Perhaps this is the reason for the slight featural disagreements seen
fn Fig. 31 near ¢ = 0° and 90°, as this corresponds to emission along <110>
directions.) Comparing S5C calcylations with experimental measurements thus
should much increase the certainty of site-type determinations, such as those
represented by Figs. 32 and 33. Anticipating the next sectfons on adsorbate
emisston, we also note that emission along lines of atoms is generally not
possible, so that 5SC results might be expected to better describe experiment in
at least this respect.

In concluding on substrate emission, we also note an alternate description of
such effects in tenns.of Kikuchi bandsz's’ss'aa. This emphastzes photoelectron
diffraction from different sets of planes in the crystal as denoted by Miller
indices (hkt), and each set {s expected ta have associated with it a band of
enhanced intensity for photoelectron emission within plus or minus the Bragg angle
ahkz of being parallel to these planes. [f the interplanar spacing is dhki‘ then
the Bragg angle is determined from

Ae = 2y, sine,, . {31)
One thus qualitatively expects peaks of intensity for emission along low-index
directions in which several sets of planes intersect, as discussed previcusly.
Maxima at tBy,, away from the planes are also expected and such features are seen
in both experiment and SSC theory in Fig. 31 for ¢ +10°, 80°. This model has
been compared to ex;;;}mental data both qua]itative]yﬁs and quantitatively (using
a simple superposition of independent (hki) Kikuchi bands)BB’ag. and found to
provide a semf-quantitative zeroth-order description of substrate XPD. A more

88
detailed comparison of the Kikuchi-band and SSC models appears elsewhere™ .

Angle-Resolved X-ray Photoelectron Spectroscopy 3

D. Emission from molecular adsorbates

Although the first adsorbate XPD was actually observed for an atomic adsorbate
(0 on Cu(GOl)sz'saj, it 1s heuristically useful to begin by considering two simple
effects arising in small-molecule adsorption. These have both been studied for
the system ¢(2x2)C0 on Ni(001)77+87,

{1} Intramolecular Scattering. Fig. 29 shows polar-scan experimental data for
Cls emission from c{2x2)C0 on Ni{0D01) for two different high-symetry azimuthal
orientations °* The Cis intensity has been normalized by dividing by the
featureless Ols intensity to allow for the Tnstrument response function, and a
clear peak along the surface normal is found. A qualitative explanation of this
in terms of intramolecular scattering is indicated in the inset of this figure.
C1s photoelectrons are preferentially forward-scattered by the 0 atom in the same
molecule so as to produce a constructive interference and therefore a peak in
intensity directly along the C-0 bond direction. This forward-scattering peak can
also be termed a Oth order diffraction peak, as the scattering phase shift is very
small (it is shown for simplicity to be zero in the schematfc drawing). At larger
angles away from the bond direction, 1st order diffraction effects might also be
expected, but they cannot be resolved for certain in this data.

A more quantitative description of this data requires using the SSC modet, as
has been done in two prior studfes77'81. Because the electron emission directions
of interest are rather near the surface normal, the substrate Ni atoms or other CO
molecules around a given emitter will be associated with scattering angles of
R30%. Thus, it has been shown that they have a negligible influence on such
intramolecular XPD and a two-atom cluster (a C emitter and an 0 scatterer) is
sufficient. The other important parameters of the calculation are the tilt angle
at of the bond axis away from the surface ngrmal and an rms vibrational amplitude
an“s for a wagging or frustrated rotational motion of the CO. 8m 1s
fncorporated via a ground-state harmonic oscillator probabtlity distribution, and
is expected to be near 10° for CO on N1(001) at ambient temperature.

Fig. 40 compares experiment and theory for erms = 10° and various choices of By
(Again, theory predicts %2 times larger XPD effects than are cbserved and at least
half of this overestimate has been shown to be neglect of curved-wave effects dye
to the short C-0 distance”.) An intensity maximum along the surface normal such
as that observed experimentally is found in the SSC curves for all tilt angles
§IA°. Censidering further the FWHM of this Oth order peak is found to 1imit the
tilt to et £ 10°. This conclusfon is also possible in the presence of greater

degrees of vibrational motionaI.
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INTERMOLECULAR SCATTERING

EXPERIMENT
——w— THECRY, 8,4 : 10*

- as* 90°
AZIMUTHAL ANGLE, ¢

Angle-Resolved X-ray Photoelectron Spectroscopy k? 1

times, the peak positions and approximate relatfve intensities agree very wall
with experiment, especially at the two lowest 8 values. A more detailed
discussion of these effects, including theoretical curves for varying degrees of
v1bratio_na1 motion, appears elsewhere.a]

z Thus, such intermolecular scattering effects should provide rather direct

:g ‘\\8=18‘ - ,f~\\ O1/ Tmans information on the short-range order in an adsorbate overlayer. This 1s by

o Wﬂ;g: contrast with measurements such as LEED, for which long-range order over distances
4 of '\.10z A is necessary for sharp patterns to be observed. Particularly with

> further developments in instrumentation to increase intensity, as well as angular
bt precision and accuracy, such XPD effects thus should provide very useful surface
é; structural information.

Z

ii E. Emission from atomic adsorbates

We begin here by dfscussing several recent test cases designed to explore the
angular sensitivity of x-ray photoelectron emission from core levels of atomfc
adsorbates, as well as to determine the degree to which the single scattering
cluster model can be ysed to quantitatively describe such effects. Several
practical applications to structural determinations are then discussed, together
with estimates of structural sensitivity for different types of adsorption, and
suggestions for improving the structural sensitivity. The use of polarized and

Fig. 42. Comparison of experiment and SSC theory for the azimuthal
dependence of C1s emission from c(2x2)C0 on Ni{001). The diffraction
effects seen are due to intermolecular scattering (cf. Fig. #1).
(From Orders and Fadley, ref. (81).)

energy-tunable synchrotron radiation for such XPD studies is also considered.

(1) Well-defined test cases. Fig. 30 makes it clear that XPD effects can be
observed in emission from a core level of an atomic adsorbate, and furthermgre
that the resulting azimuthal patterns are very sensitive to the polar angle of
emissfon. The discussions of the preceding two sections on substrate- and
molecular adsorbate- emission also strongly suggest that a single scattering
cluster model should be adequate for describing these effects. However, it is
nonetheless necessary to test this idea by comparing experiment and SSC calcula-
tions for some well-defined adsorbate geometries. This has been done recently by
Ordars et a].sg for c(2x2)S and c(2x2}5e on Ni(001). These overlayers have been
studied previously by LEED and NPD and both consist of atomic adsorption in
fourfold hollow sites, with 5 at a vertical distance of z = 1.30-1.35 R above the
first Ni layer45 and Se at a distance of z = 1.55-1.60 R; every other fourfold
site is occupied, as illustrated inm Fig. 43.

A series of azimuthal scans for 52p emission from c(2x2)S on N{({001) at
different polar angles o between 7° and 17° are shown in Fiq. 44 in comparison to
SSC theoretical curves for z = 1.30 ;. Note that some of the © steps here are
only 1° in magnitude. Considering first only the dashed experimental curves, we

SECTION AA: [O?']

Fig. 43. General atomic geometry for c(2x2} and p({2x2) adsorbate over-
Tayers on a {001] surface of an fcc metal, assuming that adsorption is
in fourfold-hollow sites. [n c(2x2}, a1l sites are occupied: in p{2x2)
only those denoted by "P“.
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148 Charles S. Fadley

{ii) Structura) sensitivity and structural determinations. In addition to the
test cases discussed in the prior section, adsorbate XPD measurements combined
with 55C calculations have been used to study the atomic geometries of several
more complex systems: c¢{2x2)0 on Cu{001 )62‘53. p{2x2)0 and c(2x2}0 on Ni(OOl)gz,
and 0 on the stepped Cu surfaces {211) and (410)80. We begin by discussing the
apparent structural sensitivities seen in some of these studies from both
experimental and theoretical points of view.

As a first example of sensitivity to the type of overlayer structure present,
Fig. 45 compares experimental and theoretical azimythal scans from the
well-defined overlayers c{2x2}5e on Ni(001) and p{2x2)Se on Ni{001). Considering
experiment first, we see that there are major differences between c(2x2) and
p(2x2) for all three polar angles shown. Thus, XPD is clearly very sensitive to
this change in overlayer structure, albeit a rather large one. Agafn with only a
few exceptions as to relative intensity, the theoretical curves very well predict
the experimental curves for both overlayers; in fact, the only points of signi-
ficant disagreement are for c(2x2)Se at & = 7°, and have been discussed in the
last section. This comparison thus also lends further support to the applica-
bility of the SSC model for describing XPD cata.

In proceeding further to consider structural sensitivity, the adsorbate vertical

position emerges as a critical parameter of interest. As a first illustration of
how this can affect adsorbate XPD, we consider in Figs. 46 and 47 comparisons of
experiment and theory at different z values for Ols emission from the expected
fourfold hollow sites of c(2x2)0 on u(001)2°6%,  (Although most of the
theoretical curves shown are for B = damping = 2.0 and thus have had the Ifj[
values reduced by 1/2, their forms do not change significantly for 8 = 1.0, and
thus none of the discussion below is altered with the use of unadjusted |fj]'s.)
Comparing experiment and theory here for z values above and below the atomic
centers of the Ni surface plane at z = 0.0 3 shows that at & = 10° the region of
best agreement is for ~ -0.1 3 to +0.1 R. For & = 13°, it would seem that 0.0 E
to -0.1 R is the region of maximum agreement. Similar comparisons at a total of
five 8 values ultimately permitted Kono et a1.62'63 to propose that c{2x2)0 is
bonded in 4-fold hotlow sites at a position that is co-planar with the surface Cu
atoms to within ~t0.1 ; (that is, at z = 0.0 = 0.) i). Including the Cu atom
immediately below the ho]1or. this yields & five-fold coordination foreo with a
Cu-0 bond distance of 1,81 A that is not very different from the 1.85 A in the
compound Cuzo. Although no prior definitive determination of this structure has
been made, very recent NPD measurements on this system are also at least partly
consistent with a nearly in-plane adsorption93. and previous LEED94 and SIMS
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Fig. 46. Comparison of experiment and SSC theory for the aziTutha1
dependence of Ols emission from c(2x2)0 on Cu(001) at 8 = 10 and for
different adsorption geometries. 8 * 2.0 has the same significance
as damping = 2.0 in Fig. 37; 8= 1.0 corresponds to damping = 1.0 or
no adjustment of the |fy(63)] values. Experiment and theory are com-
pared for five z positions of 4-fold bonding and for the empirically
optimum value for 2 previously proposed reconstructed geometry.

(From Kono et al., ref. {63).)
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352 Charles 5. Fadley

near-neighbor substrate atoms of most significance are too large to yield
appreciable scattered waves °j’ and the z sensitivity is very low. In fact, the
XPD is predominantly produced by scattering in the two-dimensional adsorbate
overlayer, as is found to be the case, e.g., for both S and Se on N1{001). The
inherent scattering strengths of the atoms involved also are important parameters
here, and one can see a systematic trend through the chalcogenides 1n the values
given above. Thus, a very low atomic number adsorbate on a very high atomic
number substrate would tend to show more sfte type and z sensitivity at higher z
values, and vice versa.

Thus, although there are to be sure a great many surface chemical problems for
which adsorbed or reacting specfes will occupy sites at z g 1.0 i with respect to
the substrate surface and thuys be amenable to high-precision study by XPD, the
amount of information derivable for other problems involving greater z distances
will be more limited. The question thus arises as to whether the method of
carrying out such measurements can be changed in some way so as to improve z
sensitivity, and two possible solutfons seem promising. The simplest is to
increase the angular resolution of the amalyzer, so that more fine structure can
be resolved in the XPD patterns. A theoretical simulation of this for c(2x2)S on
Ni(001) is shown in Fig. 50, where curves for a cone of 3.0° half angle are
compared to those for a cone of 1.5° half angle at various z values. Although the
+3.0° curves are essentially constant in form for 2 > 1.2 i, those for $1.5°
continue to show changes in fine structure up to the rather high vatue of 1.8 i.
Thus, especially if a family of such azimuthal scans at high angular resolution
and for various & values were analyzed simultaneously, it should be possible to
increase the sensitivity to both site type and z for higher z values, (On the
negative side, however, would be the unavoidable intensity loss in increasing the

angular resolution.)

A second possibility for improving z sensitivity is to use polarized synchrotron
radiation and preferentially direct the primary photoelectron emission toward the
substrate, as shown in Fig. 51. In so-called s polarization with the & vector
lying in the plane of the surface, the maximum emission from a level exhibiting a
typical XPS differential cross section will be toward the other adsorbate atoms,
thus minimizing substrate scattering and lowering the z sensitivity. By contrast,
in a p polarization geometry chosen to maximize the emission toward the substrate
and minimize that toward the other adsorbate atoms and 1n the direct wave ¢o' the
influence of the substrate should be markedly enhanced tn the observed XPD.
{Although to be sure a potential disadvantage of such a geometry is that the
overall photoelectron intensity may also be markedly reduced.) As an illustration
of the possible magnitudes of such polarization effects, Fig. 52 shows a
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Fig. 50. The effect of reducing analyzer acceptance from +3.0" to £1.5°
on azimuthal XPD. Theoretical SSC curves for the azimuthal dependence
of $2p intensity from c{2x2}S on Ni{001) at € = 10°* are shown for the
two _angular acceptances and & range of 4-fold-coordinate z values from
0.0f to 1.8A. (From Connelly, ref. (33).)
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356 Charles 5. Fadley

from {211) and (410) surfaces at different exposures.ao

In general, a mirror
average of these two halves will give the best representation of the true XPO
peaks, and that also is shown in Fig. 54. A full set of such mirror-averaged
experimental data for six 8 values between 7° and 23° {s shown as dashed curves in
Fig. 55, and it {s clear that the diffraction features are very sensitive to polar
angle as well. The anisotropies are as high as 31% for {211) and 40% for (410).
The most reliable data range is for 10° £8g 20°, as below this the count rates
are much lower due to the instrument response function and possible residual
roughness effects, and above 1t, the anisctropies are too Tow due to the large
scattering angles required.

In order to next ask what the experimental data in Fig. 55 can tell us
concerning the adsorption geometry, a series of SSC calculations was performed for
varijous physically reasonable vertical positions z of oxygen in the different
sites A, B and C of Fig. 53. Comparisen of these theoretical curves with
experiment showed that the B = 4-fold bottom site cTearly gave the best fit to
experiment, with A = 4-fold top being reasonably good as well, and C = 3-fold
being very poor. Choosfng the optimum z value for each site type proceeded via
comparisons 1ike Fig. 56 for Ehe 4-fold bottom site at 8 = 17°: it is clear here
that a z distance of 0.4-0.6 A above the centers of the Cu atoms in the step face
gives the best fit to experiment. Overall use of all six @ values ylelds 0.620.2
A as the best estimate, and the final theoretical curves for this value are
symmarized in Fig. 55. Although not all features are correctly predicted,
especially as to relative intensity, the overall agreewent in the structure-rich
region for ¢ > 90° is very good. especially for the region 10° £ 8 £ 20° expected to
be most reliable. The search and optimization procedure used thus strongly
suggests a predominant 4-fold bottom adsorption site for this 0 exposure on
Cu{211). A minority admixture of 4-fold top adsorption also is possible.

Having tentatively solved this structure it is also of interest to see whether
any of the XPD features are capable of simple physical interpretation. In fact,
the strong peaks seen near ¢ = 135° far 7° < 6 < 20° are all found to be due to
forward scattering or Oth order diffraction from the two nearest-neighbor Cu atoms
just above a B-site oxygen on the {100) step face (cf. Fig. 53). (The symmetry of
the surface also dictates that similar peaks would arise fn A-site emission as
well, but they are found to be slightly shifted in position relative to
experiment.) Also, the general dip in intensity seen at ¢ 100°-120° is found to
be due to enhanced inelastic scattering for emission through the step face at
angles nearly paraliel to it. The exceilent agreement between experiment and
theory for these simply explicable features thus further reinforces the 4-fold
site assignment.

Angle-Resolved X-ray Photoelectron Spectroscopy

AZIMUTHAL XPS DATA FOR 8:10°

380%~_ M 5L 05 0n Cu(21Y)
Bl Y

Vraap s, st :h‘. RAW DATA:
38ox 7 T et A
309% oo

1 4 PR N B
L

120 160 200

Fig. 54. Azimuthal XPD data for Ols emission from a 5L exposure of 0j

on a stepped Cu(211) surface. Themirrcr symmetry of the surface across
a plane perpendicular to the steps is reflected in the excellent agree-
ment between the two halves of the full 360" scan. The average of these

two halves has been used for subsequent stryctural analysis.
(Thompson, ref. (82).)

——— Thaory, 4-fold Bottom 110 8 A
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Fig. 55. Comparison of experiment and S5C theory for the data of Fig. 54,
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with experiment being shown here as dashed curves. The theoretical curvei
are for oxygen in all sites of type B in Fig. 53 and at a distance of 0.6

above the first layer of Cu atoms on the step face; this gecmetry is

found to optimize agreement with experiment.
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360 Charles S. Fadley

correctly predicted as to position, and generally also as to relative intensity,
although a few deviations as to the latter are seen, especially at the lowest
energy of 230 eV. Thus, the SSC model definitely seems useful down to a few
hundred e¥ in energy, making this region a potentially very fruitful one for
future XPD studies. A more detailed account of this study 1s in prepnration1°°.

On the opposite end of the energy scale, would higher photoelectron energies of
say 10,000 ey be of any advantage? Scattering factors would be more sharply
forward peaked (cf. Fig. 35) and a single-scattering approach probably more Vikely
to be highly accurate. However, on the negative side, the total scattering cross
sections would be lower and effects thus smaller, and angles even closer to
grazing would be needed to see significant substrate scattering. Also, the
smaller deBroglie wavelengths would lead to very fine features in the XPD patterns
perhaps difficult to resolve.

A recent theoretical study by Thompson and Fadley ™ used $SC calculations to
compare typical XPD effects at 1000 eV with those at 10,000 eV. The cases chosen
for study were polar-scan fntramolecular scattering in a vertically-oriented CO
molecule with differing degrees of wagging vibration, and grazing emfssion
azimuthal scans from c(2x2)9 on Cu{001) at two z positions: 1In-plane at z = 0.0 i
and above plane at z = 1.0 A. Some of these results are summarized in Figs. 58
and 59. In Fig. 58, the sharper intramolecular peak in a polar scan for 10,000 eV
and no vibration (ams = 0°) could permit more precisely determining the molecular
orientation relative to a surface, but adding in a reasonable amount of vibration
(enns = 10°) quickly leads to comparable FWHM's for both energies, and an even
lower anisotropy Alllmax for 10,000 e¥. The negative effect of the lowered total
scattering cross section at 10,000 eV s also seen in the larger relative
importance of the unscattered waves. In Fig. 59, the overall anisotropy AIIIInlx
in an O1s azimuthal scan is shown as a function of the polar angle at which the
scan 1s made. The two energies and two adsorbate vertical positions are shown
separately. These curves make it clear that for either in-plane or above-plane
adsorption, the degree of anisotropy falls off much more rapidiy with 8 for
10,000 eV electrons, and that angles {5-10° would be necessary to see significant
effects, For 6 > 10°, almost no anisotropy Ts seen at 10,000 e¥. This is a
direct result of the additional peaking in the scattering factors at higher
energy. The effects of increasing energy on the detailed form of the azimuthal
XPD patterns is alsa considered elsewhere in detai1®". Overall, however, it can
be concluded that increasing kinetic energy markedly from the present XPD regime
of 103 aV does not seem to provide any significant advantages for XPD work, even
though going to lower energles does seem promising in several respects.

80

Angle-Resolved X-ray Photoelectron Spectroscopy k1]

Vibrational Effects on Polar Difraction Potterns
for CO Normal to the Surface, 8, = 0°

L 000 ov

al/1pg, FWHM
e 0"

77 6% 28"
5431 aHt—

Fig. 5B. Vibrational effects on Cls i i
polar dependence in emission co
?rssgted normal to a surface (8¢ = 0°) for twe electron kinetic en;ggies:
d’ e¥ and 10,000 eV¥. Only the root-mean-squared angular displacement
ue to vibration is varied from 0° to 20°. (From Thompsan, ref. (80).)

ANISQTROPY IN O1s AZIMUTHAL PATTERNS
€{2%2)Q on Cu{100)

02p A N 1000 o
‘ . ’
) \,.\\_v\. W, ’0[..__13.:_
00 . PRaiim S uyrs vy v = Ylisialess, TRy
0 20 10 5
8171

Fig. 59. Dependence of overall XPD anisotropy A1/l on emissi

adsorbate z position, and electron kinetic gﬁergy ?gi c(Zig)Ssogncz?gé?)?!
In general, increasing 8, moving the adsarbate from in-planre {z = 0.0A)
to above-plane {2 =1.CA), or increasing energy from 1,000 eV to 10,000 eV
tends to decrease the anisotropy. (Frem Thompson, ref. (80).)
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experimental gecmetries, the variation of the primary emilsion intensity over the
solid angle that is effective in producing the diffraction effects will be rather
smali, cverall then, the XPD patterns should look very much like their
isotropically-excited Auger counterparts, as is observed experimentally. However,
for very special polarization geometries in XPS such as the p case shown in Fig.
51, one would expect the anisotropic character of the primary emission to be more
important, and this should lead to inherent differences between photoelectron- and
Auger- diffraction effects.

In any case, it is of considerable interest that Auger electrons exhibit effects
completely analogous to those of XPD, and this suggests that future cross
comparisons of the two types of data could be very useful in structure studfies.
The szme sort of SSC model should also be valuable for interpreting Auger data,
perhaps modified so as to assume fsotropic initial emission simply by removing
the ¢-k and E-PJ factars in Eq. (28).

H. Concluding remarks and comparison to other technigues

Overall then, XPD appears to have considerable potential as a surface structural
toal, especiaily with expected improvements in angular reselution and intensity,
as well as with the use of polarized, energy-tunable, synchrotron radiation for
excitation. The fact that a very simple single scattering theory appears to
describe these effects very well is also an advantage. Intra- and inter-
molecular scattering effects can provide very direct and simply interpretable
information on adsorbate structures, and similarly simple through-bond scattering
has also been observed for adsorption on stepped surfaces. Azimuthal-scan data
can also be analyzed by compariscn to sing1e-scattering theory so as to derive
geometries with accuracies that can be as high as 0.1 A although for adsorbates
situated well above the substrate surface ({] 0 A) further improvements will be
needed to achieve high positional accuracy. Analogous Auger diffraction effects
at comparable energies of ~500-1500 eV may alsc be useful for structural studies.

A brief comparison to some other currently used surface structural techniques 1is
also worthwhile here. L£E04]’42 is certainly the most used method to date, but
the accumulation of accurate I-V data is a difficult task {certainly of the same
order as an XPD experiment) and the final analysis must then proceed via very
complex mu1t1ple scattering calculations. Also, rather long-range order over a
region of 2100 A in diameter is needed to do LEED, whereas XPD should require only

very short range order, or, for certain effects, no long-range order at all beyond
that in the substrate. Reflection high-energy electron diffraction (RHEED) with
energies of '\.104 eV and grazing incidence angles of ~5°
of both LEED (in general experimental geometry) and XPD ({in using rather high

is alsc a close relative
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energies). However, to date only preliminary attempts have been made at deriving
quantitative structural information from RHEED‘04
generally useful 1n a qualitative sense.

Angle-resolved UPS of valence levels has been shown to provide very useful
structural information as uell"g, but this must often rely on a rather complex
theoretical analysis of the valence states involved. This analysis may also have
to include the detailed matrix elements involved fn the photoemissfon process,
although in certain cases, symmetry-based selaction rules can be used to semi-
quantitatively derive structural {nformation. Angle-resolved UPS of core levels
{often referred to as "PhD" for photoelectron diffraction) attempts to do the same
thing as XPD, but at much lower energies where a more complex multiple-scattering
theory must be used]oa; here again long-range order {s not necessary. In general,
synchrotron radjation is necessary to fully exploit either form of ARUPS.

Two other diffraction-based techniques requiring synchrotron radiation are
norma] photoelectron diffraction (NPD)]]‘ {and the closely-related off-normal
photoelectron diffraction]°7). as well as surface EXAFS or SEXAFSgB'1°3. Neither
of these require long-range adsorbate order, Both fnvolve scans of photon energy,
but NPD is experimentally more difficuit in requiring that a certain core photo-
electron peak intensity be monitored accurately throughout this scan; thus the

, even though it {is very

monochromatar flux and electron analyzer acceptance must be measured carefully at
each hv, and Auger peaks also may cause interferences at certain hv values. B8y
contrast, detection can be much simplified in SEXAFS. NPD seems to require
multiple-scattering calculations for comparison to experiment in order to derive
adsorbate structures. Prior suggestions of the possibility of Fourier trans-
forming NPD data to more easily derive distance 1nformat1onn'w6 do not seem to
be fully quantitatively justifiable or usefu]83 By contrast, Fourier transforma-
tions of SEXAFS data are routinely used, with accuradies of ~20.05 A appearing to
be possible. Thus, although each of these electron-baséd techniques has certain
unique aspects as far as information context, 1t is also cldar that each has
certain limitations and/or practical problems of executfon.

The use of intramolecular scattering in XPD has already been compared to deriv-
ing analodous bond-orientation information from electron stimulated desorption
(ESD{AD)QO and core-level absorptien edge structure measur‘ement‘s91 in Section 5.¢.

Finally, other surface structural techniques involving, for example, different
types of ion scattering and x-ray scattering have been reviewed recently by
Eisenberger and Feldmarﬂ09
its advantages and disadvantages.

QOverall, XPD thus appears to provide various types of structural information
that should well complement these other methods and be of general utility in

it is again clear that each of these techniques has

surface science.
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5wt (38)
and energy
2., fF.2
Ef = Ei+h\) -’h_{k_l (35)
m
The gbserved photoelectron just outside the surface would then have a momentum
pf - sitf (36)
and energy
2,52
Ekin = Ef - vo = ’L{l‘_l_ . (37.)
2m

with ?f being most simply related to Ff by refraction at the surface barrier V ,
as discussed previously in Sec. 3.C. An angle -resolved measurement of Ekin and the
direction of emission thus determines K , and, if v 1s known, I can then be used
to derive Ef inside the crystal.

A further point first made by Shevchi is that vibrational effects can
effectively weaken the wave-vector conservation requirement in XPS and introduce a
degree of averaging over the entire Brillouin zone such that all F paints can be
excited for all emission directions E-%. Such phonon-induced non-direct
transitions thus can be described in terms of Eq. (32) simply by removing the
delta function so that the integral on ?1 now can have non-tero contributions for
all possible F* values. Let us call this zone-averaged non-direct transition
component of emission NNDT(Ekin) and the direct-transition coamponent as given by
Eq. (32) without modification NDT(Ekin)' Since a direct transition can be viewed
as a diffraction process, the observed strength of NDT is furthermore reduced by
vibrational effects according to a bulk temperature-dependent Debye-Waller factor
W(T) as given by Eq. (27): the relevant sk 1s here the reciprocal lattice vector
3. Then finally the total spectrum can be written as:

Neoe(ExnT) = W(TINpr(Egp) ¢ [1-HITNNypp(Eyip) o (38)
from which it is ¢lear that the Debye-Waller factor represents the fraction of
transitions that are direct. Shevchik pointed out that the g vectors involved In
APS are sufficiently large that Debye-Waller factors of ~0.05-0.10 are not
uncommon at room temperature, and thus that direct transitions might be very
difficult to observe. Experiments with temperature vartation also clearly may
involve changes in the relative importances of the two component NDT and NNDT‘

With this general background, we now discuss the two 1imiting models.

x120

(ii) The direct-transition medel. This mode] amphasizes the component "DT of Eq.
(38) {as calculated from £q. (32}), and was first proposed by Baird, Wagner, and
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Fadley for interpreting angle-resolved XPS spectrallo. Rigorous wave-vector
conservation according to Eq. (33} is required for a transition to be allowed.
The matrix elements <¢If|K-V[¢Ii> in Eq. {32) are also assumed to be constant for
all allowed transitions, 5o that each transition is equally weighted in summing
and integrating over the band structure ET(:i}' The free-electron dispersion
relation of Eq. (35) fs also assumed, so that with Eq. (37) and perhaps an
allowance for refraction at the surface, the observed energy and wave vector can
finally be calculated. As noted previogusly in XPS, such refraction corrections
will only be important for very low take-off angles £ 10°, but in applying this
same model at lower energies of "4(0-160 eV they have been shown to become more
1mpcrtant121']22.

Te illustrate the nature of % conservation for a typical XPS transition, Fig., 62
shows a scale drawing in K space of a possible direct transition in W involving
photoelectron emission nearly along the [010] direction. The Brillouin zone
radius is approximately 2n/a, where a is the W lattice constant. MgKa radiation
is assumed for excitation, leading to kf values via Eq. {35} that range from
9.18(2n/a) for emission from the bottom of the 5d bands to 9.20(2n/a) for emission
from the Fermi energy. Thus, the magnitude of Ef in XPS is very nearly constant
over the full spectrum as judged against the Brillouin zone dimension within which
%' is eventually to be located, although this is not true in UPS. The finite
solid angle cone of observation of the electron analyzer further distributes the
observed If values over a disc-like region ir K-space: 1in Fig. 62, this is taken
for illystration to be a cone of 1.5° half angle. :hv will in this case be
0.32{2r/a) and thus clearly non-negligible with respect to Brillouin zone dimen-
sjons. Thus, its effect on wave vector conservation must be included. The effect
of thv can be allowed for by shifting all points on the If disc of the
observation cone by 'Ihu as shown in Fig, 62. For an assumed angle of 48° between
x-ray incidence and electron exit (2 characteristic of the spectrometer geometry),
this yields the right-hand shaded disc. This disc can then be projected back via
one or more g vectors to yield F points within the zone from which emission can
occur. The emission geometry here has been arbitrarily chosen so that the I‘ set
is centered along the x axis or [010] direction, and is shown as the left-hand
shaded dis¢. Thus, the large value of If in XPS produces some degree of averaging
in Ki via the finite disc sizes involved; in UPS by contrast very little averaging
is produced by this effect. Also, this finite size in XPS may make it necessary
to use different E vectors for different regions of the disc, Thus, this model
finally predicts that an angle-resolved NDT spectrum will be proportional to the
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372 Charles 5. Fadley

direct-transition model calculations for Cu at ~40-200 eV was found to markedly

decrease agreement with experimentmz.

C. Comparisons of experiment and theory

Fig. 61 shows results of some of the earlfest XPS studies of this type and
compares XPS-spectra for Au with emission along foo11, [101], and [111] with
thearetical curves generated by both the direct-transition {DT) and plane-wave
matrix-element (ME) mode156"10']1]. Although the DT model predicts more change
than is seen experimentally, both models qualitatively agree with the spectral
variations seen experimentaily. However, as already pointed out, the Debye-Waller
factor for this case is only 0.04, so that the DT mode] is not appropriate for
this particuiar case and its agreement with experiment must be viewed as
fortuitous. However, Sayers and McFee]y127 and Goldberg et a1.25 have subse-

quently made more accurate matrix-element calculations relevant to zone-averaged
tight-binding matrix-elements and they conclude that much of the ME agreement fn
Fig. 61 is fortuitious as well. Ley et a1.115 have however, been able to use this
model in describing changes in angle-resolved XPS spectra from MoS,, GaSez. and
Snse,. Thus, it remains to fully resoive the degree to which the plane-wave
matrix-element model can be used in XPS for systems where full zone averaging fis
expected.

A final important question is thus whether direct transitions can be observed at
all in XPS, but this has been unambiguously resclved in the affirmative with
recent studies by Hussain and co-workers 0,116 The tungsten system chosen for
study has an especially high Debye-Waller factor at room temperature: W= 0.55 at
300K. Thus ~55% of the transitions at this temperature ought to be direct, and
angle scans might be expected to produce spectral variations predictable by the
direct-transition model. Also, ratsing the temperature would be expected
according to Eq. (38) to reduce the effect of direct transitions, leading to more
importance of zone-averaged matrix elements via NNDT; thus, any significant change
in spectra with temperature would be suggestive of direct transitions.

Fig. 63 shows a room-temperature azimuthal scan of W valence spectra at a polar
angle of 8 = 63.4° with respect to the {(001)-oriented crystal surface; the
azimuthal steps were 5°. The solid-curve experimental spectra show marked changes
with angle, particularly as to the relative intensities of the components labelled
1-3. Component 1 at ~4.8 eV below E; in particular is very strong at ¢ = 0° and
45°, and very weak at ¢ 15°. The dashed curves in the figure are based on the
direct-transition model and make use of Eq. (38) with Nypy taken to be the total
density of states for W as 2 reasonable first approximation to this quantity that

Angle-Resolved X-ray Photoelectron Spectroscopy

—r— ye—r——
wiooi}, 298 %
#r638" y
—Eapt.

=+=D.1. Theo

Intensity [Arbitrary Units)

nw 8 6 4 2 E
Binding Energy (eV]

Fig. 3. Tungsten %PS valence-band spectra at T = 295"K for a 5°-step
azimuthal scan from ¢ = 0" to 45" and a polar angle of 63.4°. Experi-
mental curves (solid lines) are compared to theoretical curves (dashed
Tines) as calculated using Eq. {38}, with INBT(E) assumed to be propor-

tfonal to the total density of states. (From. Hussain et al., ref. {116).
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Fig. 65, Effact af photon wave vector ¥.., on wave vector conservation in
W valence-band emission at T = 295°K. J@
to match spectra obtained at ¢ =

as explained in the insets.

0

8 [ 4 2 Eg
Binding Energy |eV])

(From Hussain et al., ref. (116).})

hift of 6.0° is needed in order
0° and various & values near the symmetry-
equivalent (2011 and (102] directions; most of this shift is due to kp, .

Angle-Resolved X-ray Photoelectron Spectroscopy

T T T T T T T T

w(001), T dep.
Expt., 9:33°

$:0°
——— b®

T:1000K
Dw=0.14

Intensity {Arbitrary Units)

10 8 & 4 2 E
Binding Energy (eV)

Fig. 66. Temperature dependence of W valence-band spectra for & = 33°
and emission along two azimuths separated by §°. The temperatures and
their associated Debye-Waller factors are also given, along with the
relative intensity of the peak at - 4.8 eV {as measured in % of that
at - 2.3 ev). (From Hussain et al., ref. (116).)
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Fig. 68. Comparison of direct-transition theory to the first XPS
valence-band experiments making use of tumable synchrotron radiation.
Emission was norma) to a W(OL1) surface; the geometry is shown as an
inset. ({From Hussain et al., ref. {10}).}

Angle-Resolved X-ray Photoelectron Spectroscopy k.|

attenuation, the inherent simplicity of the theoretical model which describes such
effects at high energies of emission makes such measurements very appealing for
band-structure studies. [n fact, with the possible yse of cryogenic cocling to
increase W (see table of representative values for different elements in ref. 116}
and multi-temperature measurements to permit isolating the direct-transition
component, it should be possible to expand the range of systems that could be
studied in this way. Using synchrotron radiation at lower energies of

n 200-400 eV would also reduce |G| and thus increase W while at the same time
probably retaining the desired theoretical simplicity. Also, decreasing the
angular acceptance of the analyzer would be very beneficial in reducing the size
of the disc over which E‘ is averaged, thereby providing more precise band mapping
information.

To provide some indication as to how much increased angular resolution might
affect such spectra, Fig. 69 shows recent direct-transition theoretical curves by
Hussain and Fad!ey]zg for several very close-lying emission directions above a W
(001) surface at two different angular apertures: #1.5° and £3.0° {at about which
a1l prior XPS experiments have been carried out). It is clear that the +].5¢
curves are much more sensitive than the +£3.0° curves to small changes in emission
direction. The £3.0° curves are expected to show a greater degree of zone
averaging, and this s borne out by the fact that at least some non-zero
direct-transition intensity is predicted over the entire valence band region from
0-7 eV for all of the angles shown. By contrast, the :1.5° curves exhibit greater
differences, sharper features, and regions of zero predicted intensity {e.g., at
A3 e¥ for 8 = 56° and 57°). Furthermore, an analysis of these calculations shows
that the 1.5 curves for certain angles directly reflect that the Fi disc is
centered very near a high-symmetry Brillouin zone point. For example, for 6 =
53°, the disc center is near N and the 3-peaked structure reflects the 3 bands
there13°, whereas for B = 56°, 57°, the disc 1s near H where only a single
low-1ying band 1ies below the Ferm! 1eve1]30. The positions of the major peaks
noted at these anglas alsc correlate very well with band positions. Thus, for the
first time, it is possible to predict that high-angular-resolution XPS can provide
detailed point-by-point mapping of band structures. Recent experiments on W in
our laboratary at a #1.5° resoTut1on‘3] also confirm this enhanced sensitivity to
angle, and the results are also consistent with direct-transition theory.

Finally, it would certainly be of interest from a thecret{cal point of view to
further explore the calcutation of the relevant K-V matrix elements involved in
such studies, as a fully accurate treatment of either direct transitions or
zone-averaged non-direct transitions requires accounting for them and it is at
present unclear as to whether a simple model can be reliably used to include them.
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