
PHYSICAL REVIEW B 15 JULY 1997-IVOLUME 56, NUMBER 3
Angle-resolved photoemission extended fine structure of the Ni 3p, Cu 3s, and Cu 3p core levels
of the respective clean„111… surfaces
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We report a non-s initial-state angle-resolved photoemission extended fine-structure~ARPEFS! study of
clean surfaces for the purpose of further understanding the technique. The surface structure sensitivity of
ARPEFS applied to clean surfaces and to arbitrary initial states is studied using normal photoemission data
taken from the Ni 3p core levels of a Ni~111! single crystal and the Cu 3s and the Cu 3p core levels of a
Cu~111! single crystal. The Fourier transforms of these clean surface data are dominated by backscattering.
Unlike thes initial-state data, thep initial-state data show a peak in the Fourier transform corresponding to
in-plane scattering from the six nearest neighbors to the emitter. Evidence was seen for single-scattering events
from the same plane as the emitters and double-scattering events. Using a recently developed, multiple-
scattering calculation program, ARPEFS data from clean surfaces and fromp initial states can be modeled to
high precision. Although there are many layers of emitters when measuring photoemission from a clean
surface, test calculations show that the ARPEFS signal is dominated by photoemission from atoms in the first
two crystal layers. Thus ARPEFS applied to clean surfaces is sensitive to surface reconstruction. The best-fit
calculation for clean Ni~111! indicates an expansion of the first two layers.@S0163-1829~97!01527-0#
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I. INTRODUCTION

Angle-resolved photoemission extended fine struct
~ARPEFS! is a well-established technique for determini
surface structures.1–5 ARPEFS has been used to determi
the structures of adsorbate systems as well as molecula
sorbates on conducting single-crystal surfaces. ARPE
yields precise information about both the local structu
around the adsorbates and the adsorbate-induced relax
of the substrates.6–12These studies have shown that ARPE
data and their Fourier transforms~FT’s! can be described
mainly in terms of backscattering events. The positions of
the strong peaks in ARPEFS FT’s from adsorbates can
predicted from a trial structure with fairly good accura
based on a single-scattering cluster model together with
560163-1829/97/56~3!/1540~11!/$10.00
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concept of a backscattering cone.
The purpose of this paper is to explore the applicability

ARPEFS to non-s initial-state photoemission from clean su
faces. The immediate goal is to observe and to unders
the phenomenon in a simple, known system. The long-ra
goal is to develop a method for studying photoemission fr
arbitrary initial states as well as to determine the atom
structure of interfaces, for which ARPEFS seems idea
suited. In favorable cases, atomic relaxation and reconst
tion could be studied as well. In such studies, the eleme
and chemical specificity of ARPEFS and its sensitivity
atomic layers that are several layers below the surface wo
be advantageous.

If the photoelectron signals from surface and bulk ato
are resolvable in ARPEFS studies of clean surfaces, then
1540 © 1997 The American Physical Society
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56 1541ANGLE-RESOLVED PHOTOEMISSION EXTENDED FINE . . .
data analysis may be based on multiple ARPEFS curves.
the more common case in which signals from different lay
cannot be resolved, reconstruction or relaxation effects m
still be modeled by fitting the single experimental ARPE
curve. In the absence of a surface core-level shift,
ARPEFS curve may or may not be surface sensitive eno
to yield a conclusion about a possible surface reconstruct

Most of the previous ARPEFS studies have been base
photoemission data from atomics core-level initial states, for
which the dipole selection rulesD l i561 andDmi50 give
a p0-wave final state. Experience with ARPEFS data fro
non-s initial states and their FT’s is very limited
however.13–15 For non-s initial states (l iÞ0), partial waves
with orbital quantum numbersl i11 and l i21 contribute to
the photoemission intensity. There is a phase relations
between them that leads to interference between the pa
waves. Note that the allowedm levels will be populated in
the final state. Thus, with ap initial state, the photoemitted
partial waves consist ofl f50 andmf5mi50 as well asl f
52 andmf5mi50,61. The partial-wave radial dipole ma
trix elements and the phase shifts are generally energy
pendent. It is important to note that theintensitiesfrom the
different m levels are summed, not the amplitudes.16 The
intensities are also summed over the different emitterse.
Thus, for the given partial wavesc l f ,m

(u,f,k), the total in-

tensity from an isolated atomI tot(u,f,k) is

I tot~u,f,k!5(
e

(
m

U(
l f

~2 i ! l fRl f
~k!eid l f~k!

3^Yl f ,m
uY1,0uYl i ,m

&c l f ,m
~u,f,k!U2. ~1!

^Yl f ,m
uY1,0uYl i ,m

& is the overlap integral between the initi
and final spherical harmonic wave functions, which are fu
tions of u andf. Rl f

(k) are the partial-wave radial dipol

matrix elements andd l f(k) are the phase shifts. Despite the
complications, there are a number of experimental situati
for which ARPEFS from an arbitrary initial state may be t
most suitable method of study.

Two different data sets are presented here. The first s
from the 3p core levels of a clean Ni~111! surface. Due to
fitting complications caused by the satellites@Fig. 1~a!#, a
second ARPEFS data set was taken from the Cu 3s and the
Cu 3p @Fig. 1~b!# core levels of a clean Cu~111! single crys-
tal. These Cu 3s and Cu 3p data are used to study the no
s initial-state photoemission from a clean surface in a ca
fully controlled manner.

Section II discusses the experimental details. Sections
IV, V, and VI discuss the data reduction, the Fourier ana
sis, the multiple-scattering analysis, and the error analy
respectively. Section VII provides a discussion, which
cludes a comparison between the nickel data and an ad
bate system as well as some test calculations performe
better understand the scattering processes. Section VIII
conclusion.

II. EXPERIMENT

The data were collected in an ultrahigh-vacuum cham
~with pressure<60 nPa! equipped with a rotatable, angle
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resolved, hemispherical electron energy analyzer17 and stan-
dard ultrahigh-vacuum surface science instrumentation.
sample manipulator allows for either liquid-nitrogen
liquid-helium cooling. The crystals were cleaned by repe
tive cycles of Ar1 sputtering and subsequent annealing
e-beam heating to 700 °C. The sample cleanliness was m
tored using synchrotron x-ray photoemission spectroscop

The Ni~111! experiment was performed at the Nation
Synchrotron Light Source at Brookhaven National Labo
tory on beamline U3-C. The crystal was cooled to&100 K
throughout the data collection; no contamination was
tected before or after the Ni data collection, which lasted
h. The light was oriented 55° from the surface normal aw
from the crystal~011! plane. The photon polarization vecto
« was thus oriented 35° from the surface normal and perp
dicular to the crystal~011! plane~see illustration in Fig. 2!.
The analyzer was oriented 4° off normal from the Ni~111!.
The total experimental energy resolution was;3.0 eV.

The Cu~111! experiments were performed using the A
vanced Light Source at the E. O. Lawrence Berkeley N
tional Laboratory on beamline 9.3.2.18 The crystal was
cooled to;80 K throughout the data collection, which laste
5 h for each ARPEFS curve. The photon polarization vec
« was oriented 10° from the surface normal~see illustration

FIG. 1. Example photoemission spectrum showing~a! the
Ni~111! 3p data and~b! the Cu 3p data as well as the Voigt func
tions and the step functions used to fit the data.
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1542 56W. R. A. HUFFet al.
in Fig. 3!. The analyzer was oriented 5° from the surfac
normal.

The raw ARPEFS data are a series of x-ray photoemissi
spectra, each with a different kinetic energy. The magnitud
of the photoelectron wave vector ranged from 5.1 t
10.5 Å21 for the nickel data and from 5.0 to 11.9 Å21 for
both copper data sets. All of the spectra were recorded
equal 0.1-Å21 steps.

FIG. 2. Ni~111! 3p ARPEFSx(k) data~solid line! and best fit
~dashed line!. A schematic of the experimental geometry is shown

FIG. 3. Comparison of the Cu~111! 3s ~solid line! and 3p
~dashed line! ARPEFSx(k) data. A schematic of the experimental
geometry is shown.
n
e

in

III. DATA REDUCTION

Each peak was fit with a Voigt function added to a st
function with a step height scaled to the respective peak
tensity and a step width taken as the Gaussian width of
peak. This step function models the inelastic-scattering ba
ground of the photoemission spectrum. The total fit is
solid line through the data points in Figs. 1~a! and 1~b!.

The purpose of fitting the spectra is to extract the m
accurate area from the peaks, reducing the data to thex(k)
diffraction curve, which contains the structural informatio
x(k) is defined by19

x~k!5
I ~k!

I 0~k!
21, ~2!

whereI (k) is the peak area plotted as a function of the pe
position in k. I 0(k) is a smooth, slowly varying function
with an oscillation frequency much lower thanI (k); I 0(k)
stems from the contribution of the inelastic background a
the atomic cross section. It is adequate to use a simple sp
function to fit I 0(k).

20

Removing I 0(k) results in a suppression of the FT th
peaks&2 Å. In photoemission from clean surfaces, ma
forward-scattering path-length differences from subsurf
emitters will be &2 Å. This forward-scattering signal is
therefore removed during the data reduction along with
I 0(k). The extracted experimental ARPEFSx(k) curve is
thus dominated by backscattering.

Figure 2 plots the Ni 3p experimentalx(k) curve ~solid
line!, which represents the sum of the Ni 3p3/2 and Ni
3p1/2 areas shown in Fig. 1~a!. The best-fit result from the
multiple-scattering modeling calculations is also shown
Fig. 2 ~dashed line! and will be discussed in Sec. V.

Figure 3 overlays the Cu 3s and the Cu 3p ARPEFS
x(k) curves. The experimental geometry is also shown. T
data are plotted in this way to clearly illustrate that t
ARPEFS data from ans atomic core level are;180° out of
phase from ARPEFS data from ap atomic core level. This
result is expected and has been studied previously.13–15

IV. FOURIER ANALYSIS

It is useful to study the autoregressive linear-predictio
based~ARLP! Fourier transform to transform from momen
tum space to real space.2,5,6,21 In ARPEFS, the positions o
the strong peaks in ARLP FT’s from adsorbate/substrate
tems can be predicted with fairly good accuracy using
single-scattering cluster model together with the concep
strong backscattering from atoms located within a co
around 180° from the emission direction. The effective so
angle of this backscattering cone is;30°–60°; it is not
unique, but is operationally defined simply by opening t
angle until it can account for the observed FT peaks base
the crystal geometry. Signals from scattering atoms v
close to the source atom may be observable, even if
scatterers lie outside the nominal backscattering cone.

The FT peaks correspond to path-length differen
~PLD’s! DRj between the component of the photoelectr

.
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56 1543ANGLE-RESOLVED PHOTOEMISSION EXTENDED FINE . . .
wave that propagates directly to the detector and the com
nents that are first scattered by the atomic potentials wi
this backscattering cone.6 Thus the peak positions are a
proximately

DRj5r j~12cosu j !, ~3!

wherer j is the bond length from the emitter to a given ato
j andu j is the scattering angle~180° for exact backscatter
ing!. Note that the effect of the atomic scattering phase s
is ignored in this approximation. The scattering takes pl
inside the crystal and the ARPEFS data must be shifted f
the measuredx(koutside crystal) to x(kinside crystal) to account for
the inner potential. In ARPEFS modeling calculations,
inner potential is treated as an adjustable parameter an
typically 5–15 eV. The inner potential is approximately t
sum of the work function and the valence bandwidth.22 Thus,
before Fourier transformation, the ARPEFS data presen
here were shifted by 10 eV to higher kinetic energy.

A. Ni„111…

The ARLP FT of the Ni 3p experimental ARPEFS data i
plotted in Fig. 4~a!. Also illustrated in Fig. 4 is a schemati
of a @111# single crystal, assuming a bulk-terminated fcc s
face, with a backscattering cone superimposed. The
shows peaks due to scattering from atoms up to four lay
below the emitting atoms. The depth sensitivity of ARPE
has been described previously and was found to be enha
by multiple-scattering effects.5

The atoms and corresponding peaks are labeled in Fig
Using the bulk nickel nearest-neighbor spacing 2.49 Å,
expected peak positions can be calculated using simple
ometry. These expected peak positions along with the exp
mental peak positions and their corresponding shifts
listed in Table I. Table I also lists an assignment of ea
peak to single-scattering~SS! or double-scattering~DS!
events. Additionally, the number of atoms contributing
each peak is listed in Table I.

The origins of the peaks labeled 2–6 are straightforwa
If a line is drawn from a surface emitter into the crystal a
normal to the~111! plane, peaks 2, 3, and 6 occur due
single scattering from the three atoms closest to this line
layers 2, 3, and 5, respectively. Nickel has a fcc crystal str
ture and thus peak 4 is due to direct backscatteringu j
5180°) from atom 4, which is in layer 4. Peak 5 is due
single scattering from atoms 5, which are the six nea
neighbors to atom 4.

Peaks 28 and 38 may be attributed to atoms more latera
distant from the line described above. Peak 28 occurs due to
single scattering from the three second-nearest neighbo
this line in layer 2. Similarly, peak 38 occurs due to single
scattering from the three second-nearest neighbors to
line in layer 3.

Double scattering may be detectable in the ARLP FT
evidenced by peaks 2* , 3* , 4* , and 5* . The first event for
peak 2* , for example, is scattering by atoms 2. The seco
event is scattering by the six nearest neighbors of atom
Given that there are three atoms 2, eighteen atoms are a
able for the second scattering event to give peak 2* . An
analogous process holds for the 3* peak. Because there i
only one atom 4 for each emitter in the fcc (abcabc) geom-
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etry, only six atoms are in position for the second scatter
event to give peak 4* . However, there are six atoms 5 an
thus thirty-six atoms for the second scattering event to g
peak 5* .

These assignments due to double scattering are some
speculative. It is believed that peaks 4* and 5* have a higher
relative amplitude as compared to 2* and 3* because waves
scattering in the fourth layer can be forward focused by
oms in the surface layer. Also, the higher probability for t
second scattering event of peak 5* due to the greater numbe
of atomic potentials will increase its relative amplitude.

A different result is also noted in this ARLP FT. The pea
labeled 1 is due to in-plane scattering of the photoemiss
wave from the six nearest neighbors to the emitter. In-pla
scattering for normal emission has not been observed pr
ously for s initial-state data or calculations. Ins initial-state
photoemission, the outgoingp0 wave destructively interferes
with itself for u j590° due to the negative parity of ap
wave. Inp initial-state photoemission, however, the phot
emittedd ands waves, which are interfering with themselve

FIG. 4. ARLP-based FT of~a! the Ni 3p and ~b! the Cu 3s
~solid line! and Cu 3p ~dashed line! ARPEFS data. A model of the
lattice with the backscattering cone indicates the scattering at
corresponding to the FT peaks.
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TABLE I. Scattering paths with the calculated PLD’s for Ni~111! ~based on 2.49-Å nearest-neighb
spacing! along with the experimental peak positions and the respective shifts. Layer 1 is defined as th
layer as the emitter. Refer to Fig. 4 for an illustration of the atomic positions. SS indicates single sca
and DS indicates double scattering.

Peak
number

Geometric
PLD ~Å!

Peak
position ~Å!

Peak
shift ~Å!

Scattering
process

No. of
atoms

1 2.49 2.36 20.13 SS 6
2 4.52 4.69 0.17 SS 3
28 5.55 5.99 0.44 SS 3
2* 7.01 7.60 0.59 DS 336
3 8.37 8.45 0.08 SS 3
38 9.04 9.07 0.03 SS 3
3* 10.86 10.18 20.68 DS 336
4 12.18 12.51 0.33 SS 1
5 12.67 12.90 0.23 SS 6
4* 14.67 14.68 0.01 DS 136
5* 15.16 15.09 20.07 DS 636
6 16.37 16.00 20.37 SS 3
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and with each other, have positive parity and do not can
for normal emission, in-plane scattering. Thus the freque
component labeled peak 1 is a physical part of thex(k)
diffraction curve and the appropriate PLD peak is observ
A peak that would be labeled 18 arising from in-plane scat
tering by the second-nearest neighbors would be see
;4.31 Å. If present, this weak feature is obscured by pe
2.

B. Cu„111…

Figure 4~b! plots the ARLP FT of the Cu 3s and the Cu
3p ARPEFS data. The interpretation of each FT peak
similar to the Ni FT discussion above. Cu~111! is also fcc
and the bulk nearest-neighbor spacing is 2.56 Å.

The expected peak positions are listed in Table II alo
with the experimental peak positions and correspond
shifts for the Cu 3s and Cu 3p data FT’s. Table II also lists
el
y

d.

at
k

s

g
g

an assignment of each peak to SS or DS events. Addit
ally, the number of atomic scattering potentials contributi
to each peak is listed in Table II.

From the single-scattering values listed in Table II, o
can see that the structure can generally be determine
60.5 Å by simply analyzing the ARLP FT. Given this pre
cision, some peaks seem to correlate with double-scatte
PLD’s. Again, these assignments due to double-scatte
events are somewhat speculative. To be certain that th
small features are not artifacts caused by the finite d
range, one must study the FT in more detail than has b
done to date. Additionally, one must better understand
slight shifting of the peaks resulting from mathematica
extending the data range using the ARLP method.

An interesting feature of the Cu 3s FT as compared to the
Cu 3p FT is the intensity differences between some of t
peaks. If the ARPEFS data from these different initial sta
were identical but out of phase, then their respective p
or
ustra-
TABLE II. Scattering paths with the calculated PLD’s for Cu~111! ~based on 2.56-Å nearest-neighb
spacing! along with the experimental peak positions and the respective shifts. Refer to Fig. 4 for an ill
tion of the atomic positions.

Peak
number

Geometric
PLD ~Å!

Cu 3s
position ~Å!

Cu 3s
shift ~Å!

Cu 3p
position ~Å!

Cu 3p
shift ~Å!

Scattering
process

No. of
atoms

1 2.56 2.39 0.17 SS 6
2 4.65 4.15 20.50 4.85 10.20 SS 3
28 5.71 6.19 10.48 6.26 10.55 SS 3
2* 7.21 7.67 10.46 7.58 10.37 DS 336
3 8.61 8.36 20.25 8.29 20.32 SS 3
38 9.30 8.91 20.39 9.37 10.07 SS 3
3* 11.17 10.91 20.26 10.97 20.20 DS 336
4 12.54 12.10 20.44 12.46 20.08 SS 1
5 13.04 13.20 10.16 13.12 10.08 SS 6
4* 15.10 14.96 20.14 15.13 10.03 DS 136
5* 15.60 15.77 10.17 15.80 10.20 DS 636
6 16.85 16.68 20.17 16.99 10.14 SS 3
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56 1545ANGLE-RESOLVED PHOTOEMISSION EXTENDED FINE . . .
positions and intensities would be identical. These data
more than simply out of phase. Peak 1 in the Cu 3p FT is not
present in the Cu 3s FT. The origin of peak 1 is analogous t
peak 1 in the Ni 3p FT.

V. MULTIPLE-SCATTERING ANALYSIS

Calculations were performed to model the ARPE
x(k) curves. Modeling calculations are very useful becau
in addition to allowing a precise structure determination
variety of test cases can be used to better understand
scattering processes. Using the single-scattering mode
ARPEFS,6,19 x(k) is written as

x~k!5(
j
Aj~k!cos@k~Rj2Rjcosu j !1f~k!#, ~4!

whereAj (k) contains experimental geometry factors inclu
ing the photon polarization direction and the electron em
sion direction as well as the scattering amplitude, angle
tegration, and thermal averaging.f(k) is the atomic
scattering phase shift.

At u j50°, there is zero PLD between the direct and sc
tered photoelectron waves. For forward scattering thro
angles close to 0°, the scattering amplitude is quite large,
many path-length differences are correspondingly small
do not show up in the FT’s.

The multiple-scattering spherical-wave~MSSW! code de-
veloped by Bartonet al.6,19,20,23has been proven to precise
models initial-state core-level photoemission.6–11 However,
the ARPEFS data and FT’s from ap initial state require both
s andd partial waves to describe the photoemission sign
Kaduwela24 developed a code based on the Rehr-Alb
formalism,25 which has been discussed and applied to p
toelectron diffraction from arbitrary initial states by Frie
man and Fadley.26 Another code developed by Chen, W
and Shirley,27 which is also based on the Rehr-Albe
formalism,25 was used for the calculations presented he
Due to the summing methods used in this code, it is sign
cantly faster than the previous codes. Thus, fitting calcu
tions can be performed for systems in which the photoem
ters are in many layers and the core-level initial state
arbitrary angular momentum.

For the Ni 3p and the Cu 3p calculations, the radial di-
pole matrix elementsRl i61 and phase shiftsd l i61 were those
calculated by Goldberg, Fadley, and Kono28 and Manson and
Cooper.29 These inputs to the scattering calculation descr
the amplitude and phase relationship between the photoe
tron partial wavesl i61 as a function of the photoelectro
kinetic energy. The atomic-scattering phase shifts were
culated using the atomic potentials tabulated by Moruz
Janak, and Williams.30

To account for vibration effects of the bulk atoms, t
mean-square relative displacement~MSRD! was calculated
using Eq.~33! of Ref. 4:

^ui
2&}

1

MiuD,i
S 11

cT2

uD,i
2 ••• D . ~5!

Mi is the atomic mass,uD,i is the correlated Debye temper
ture,T is the sample temperature, andc is a coefficient that
varies slowly with temperature. For calculating the MSRD
re

e,
a
the
of

-
-
-

t-
h
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d
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s
-

.
-
-
t-
s

e
c-

l-
i,

f

the bulk Ni ~Cu! atoms,uD,i was 450 K~350 K! andT was
80 K. The effects of the surface atom vibrations on pho
electron diffraction data has been discussed previously.12,31

The surface sensitivity of ARPEFS in the study of cle
surfaces is strongly dependent on the inelastic mean free
~IMFP!. The IMFP calculation is important to high-precisio
modeling of such data. Certainly, many emitters lie seve
layers below the surface region and their signal never
capes the crystal. The IMFP was included using the ex
nential damping factore2r /l, wherel was calculated using
the Tanuma-Powell-Penn formula.32

Figure 2 plots the best fit~dashed line! overlaying the
experimental ARPEFS data~solid line!. For the MSSW cal-
culation, a 74-atom cluster was used, the emission angle
optimized at 4° off normal, and the inner potential was op
mized at 7.4 eV. The experimental Ni 3p ARPEFS ampli-
tude was unusually low and was scaled by a factor of 5 to
consistent with the calculated amplitude. This scaling d
not affect the results because the relative amplitudes and
oscillation frequencies were preserved. The spacing betw
the first two nickel layers was determined to be 2.09~3!,
which is a 3% expansion of the bulk value 2.03. A surfa
layer expansion is unexpected for the clean Ni~111! surface,
but Hammeret al.33 reported an expansion for the hydroge
covered surface. Their low-energy electron diffracti
~LEED! study of (232)-2H/Ni(111) determined that the
top Ni layer is buckled and expanded an average of 1.5
Thus, we expect that a significant amount of hydrogen w
adsorbed during the angle-resolved photoemission spec
copy data acquisition. Additionally, a surface buckling m
explain the unusually low experimental oscillation amplitu
because the surface layer would effectively become slig
disordered.

Figure 5~a! overlays the experimental Cu 3s ARPEFS
data ~solid line! with its best fit ~dashed line!. Figure 5~b!
overlays the experimental Cu 3p ARPEFS data~solid line!
with its best fit~dashed line!. For each fit, a 74-atom cluste
was used. The emission direction was found to be 5°
normal. Due to its unusually strong affect on the fit quali
the inner potential was fixed at 10 eV, as discussed ab
The modeling calculations determined thatd1,2
52.06(5) Å, as compared to the bulk value of 2.09 Å. P
vious LEED studies found a contraction of 0.7~5!%.34,35

VI. ERROR ANALYSIS

The best fit is determined by anR-factor
minimization.27,36 The parameters with the largest effect o
the R factor were the spacing between the first two crys
layers and the photoemission angle. Figure 6 plots theR
factor for the Ni 3p fitting as the Ni1-Ni2 interlayer spacing
is varied.

TheR factor as a function of the emission angle as m
sured from the surface normalue and the azimuthal angle
about the surface normalfe was minimized for both Cu data
sets. These contour plots are illustrated in Figs. 7~a! and 7~b!
for the Cu 3s and Cu 3p fitting calculations, respectively
The sample’s orientation with respect to the photon bea
and thus the photon polarization vector, was maintained c
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stant.ue was varied from 0° to110° stepping by 1° and
fe was varied from 0° to 180° stepping by 10°. The f
surface is sixfold symmetric, but the bulk is threefold sy
metric. The surface atoms are in the fcc threefold hollow s
andfe50° was chosen to bisect one edge of the equilat
triangle formed by this threefold hollow site, the@100# direc-
tion. Thus a mirror plane exists and theseR-factor calcula-
tions were symmetrized to obtain the results forfe
5180°–360°.

FIG. 5. ARPEFSx(k) data~solid line! and the MSSW best fit
~dashed line! for ~a! Cu~111! 3s and ~b! Cu~111! 3p.

FIG. 6. Ni 3p R-factor variation with the Ni1-Ni2 interlayer
spacing.
-
e
al

Comparing Figs. 7~a! and 7~b! shows some very interest
ing differences between the Cu 3s and the Cu 3p ARPEFS
data. From Fig. 7~a! ~the Cu 3s contour plot!, theR-factor
minimum is atue54.5°61°. The minimum is very shallow
toward normal emission (ue50°), but becomes steep mor
off normal (ue.5°). Figure 7~b! ~the Cu 3p contour plot! is
markedly different due to final-state effects. TheR-factor
minimum is ue55.5°60.5° is very steep both toward an
away from normal emission~ue,5°, ue.6°!. For the Cu
3p data, theue50° fit was very poor, while theue55° fit
was quite good. These results have significant implicati
with respect to modeling ARPEFS data from non-s initial
states.

The R factor also changes as a function offe due to
final-state effects. For both the 3s and the 3p initial states,
the R factor is not sensitive to changingue if ue is near
normal emission (ue,5°). Even at the minimum~ue

FIG. 7. ~a! Contour plot showing how theR factor varies with
fe andue for ~a! the Cu 3s and ~b! the Cu 3p modeling.
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'5°), the R factor remains rather insensitive to changi
fe . However, for the 3p initial state, the threefold symmetr
of the adsorption site begins to become evident. Asue is
increased even more (ue.5°), theR factor varies signifi-
cantly with changingfe and the threefold symmetry of th
adsorption site is evident in both contour plots. This effec
due to backscattering. As the emission angle becomes m
off normal, backscattering from the second-layer Cu atom
enhanced in the ARPEFSx(k) curve.

These results fromue andfe indicate that the detecte
intensity distribution of Cu 3s photoemission is less direc
tional than the detected intensity distribution of Cu 3p pho-
toemission. As discussed previously, photoemission d
from atomics core-level initial states gives ap0-wave final
state. Thus the intensity distribution from the Cu 3p core-
level initial states must have mostlyd-wave character.

It should be noted that the calculations can be symm
trized as described above because the photon polariza
vector is normal to the surface. Experience with fitti
ARPEFS data suggests that the oscillation frequencies o
x(k) curve are rather insensitive to the photon polarizat
vector orientation. However, the relative oscillation amp
tudes are dependent on this orientation. These ampli
variations will change the magnitude of theR factor and
perhaps break this threefold symmetry. Thus, if the pho
polarization vector is significantly off normal, thenfe
should be calculated from 0° to 360°.

FIG. 8. The top panel overlayers the ()3))R30° Cl/Ni~111!
~dashed line! with the Ni 3p ~solid line! experimental ARPEFS
curves. The bottom panel overlays their respective ARLP-ba
FT’s.
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VII. DISCUSSION

Figure 8 compares the Ni 3p data with
(A33A3)R30°Cl/Ni~111! data published previously.37 This
comparison illustrates the similarities and differences
tween adsorbate systems and clean surfaces as well a
tweens andp core-level initial-state ARPEFS data. As e
pected, the Cl 1s data and the Ni 3p data are roughly 180°
out of phase.

Also, the FT’s are remarkably similar, with ARLP-F
peaks for backscattering from layers below the source a
being resolved in both cases. The FT shows the slight lat
spacing difference between the two surfaces. Additiona
the Ni 3p FT’s show a peak at;2.5 Å due to effects de-
scribed in Sec. IV, whereas the Cl 1s FT has no such peak

Using the best-fit parameters for the Cu~111! 3s and 3p
data, some test calculations were completed to study
scattering in more detail. The test cluster was a single em
positioned 2.06 Å above a layer of scattering atomic pot
tials. The distance and geometry were chosen such tha
layer simulated the second layer of the fcc Cu~111!. In addi-
tion to testing for double scattering, this test allows for t
simulation of the intensity differences between the Cus
and Cu 3p FT’s in Fig. 4~b!. Note that the ARLP method
was not applied to these testx(k) curves because they wer
calculated directly over a widek range (4–20 Å21).

This geometry should give rise to peaks at PLD’s cor
lating with the 2 and 28 positions for single scattering an
the 2, 28, and 2* positions for double scattering. Figure 9~a!

d

FIG. 9. FT of the calculated ARPEFSx(k) curves~insets! for
~a! Cu 3s and~b! Cu 3p where a single emitter was adsorbed 2.
Å above a layer of scattering potentials for single scattering~solid
line! and double scattering~dashed line!.
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FIG. 10. Calculated ARPEFSI (k) curves for Cu 3s ~solid line! and Cu 3p ~dashed line! where a single emitter was moved successiv
to deeper layers.
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Cu

-
to
ing
the
plots the Cu 3s FT for a single-scattering calculation~solid
line! and a double-scattering calculation~dashed line!. Fig-
ure 9~b! plots the Cu 3p FT for a single-scattering calcula
tion ~solid line! and a double-scattering calculation~dashed
line!. The insets show the respectivex(k) curves, which
were filtered to pass only those PLD’s greater than 3.5
which removes some low-frequency oscillations unrelated
PLD’s. The 2* peak distinctly appears in the Cu 3p FT even
though there are only minor differences in thex(k) curves.
The 2* peak is not as convincing in the Cu 3s FT.

A striking difference between the Cu 3s and Cu 3p FT’s
is the occurrence of peaks 29 and 2- in only the Cu 3s FT.
Each additional prime represents scattering from the n
laterally distant atomic potential. This difference is also o
served in the ARLP-FT of the ARPEFS data for the pe
&7 Å and is the reason for the chosen 2* position in Fig.
4~b!. These results again indicate that Cu 3p photoemission
intensity is more directional than the Cu 3s photoemission
intensity.

For the study of clean surfaces or multilayers, it is imp
tant to understand the contribution of emitters in subsurf
,
o

xt
-
k

-
e

layers to the overallx(k) data. This test used a ten-layer fc
Cu~111! cluster with a single emitter. This emitter was su
sequently moved from the surface to each layer, ending w
the sixth. The cluster was constructed such that the ph
emitted wave from the emitter in the sixth layer was subj
to the same backscattering environment as the photoem
wave from the emitter in the surface layer. This is true
four layers below the emitter, which is the cutoff seen in t
ARLP FT of the ARPEFS data.

Figure 10 shows the multiple-scattering calculation resu
for this test cluster. The calculation parameters were fixe
the best-fit values discussed previously. The normalized
tensity at the detector is plotted as a function of the mag
tude of the photoelectron wave vector. The first point to n
about these results is that the signal from the Cu 3s initial
state is a factor of 100 stronger than the signal from the
3p initial state. This factor drops out in Eq.~2! and is thus
not seen in the datax(k) curves. The reasons for this inten
sity difference are currently being studied. The next point
note is that the signal drops off drastically between plac
the emitter in the second layer and placing the emitter in



th
he

he
to
-

i

s
-

u
-
g
th
l i
ta
a

ie
r-

e
w
e
th
t
h

a
e
tw
e
a

on-
is

-

3

pes
gle
sed
ing

itter
the
gh-
ion

als
ing,

-
a

nd
nd
ec-
ci-
No.
the
al
sis-
e E.

56 1549ANGLE-RESOLVED PHOTOEMISSION EXTENDED FINE . . .
third layer. The signal increases slightly when placing
emitter in the fourth layer due to forward focusing by t
surface layer atoms.

When the emitter is placed from the third layer to t
sixth layer, the high-frequency oscillations important
ARPEFS become small and theI (k) curves become domi
nated by the low-frequency oscillations~short path-length
differences!. This indicates that the signal becomes dom
nated by forward scattering.

The bottom panel in Fig. 10 plotsI total(k), which is the
sum of the six calculatedI (k) curves. This curve simulate
the total intensity that would be collected. The low
frequency oscillations are removed by Eq.~3! when I (k) is
divided by a simple spline function to fitI 0(k). The forward-
scattering signal is therefore removed during the data red
tion along with the standardI 0(k). The resulting experimen
tal ARPEFSx(k) curve is thus dominated by backscatterin
Although the signal from the deeper layers may modulate
high-frequency oscillation magnitudes slightly, the signa
principally due to photoemission from the first two crys
layers. Scattering from six or seven layers is therefore
equate to simulate ARPEFS data.

VIII. CONCLUSION

To better understand the ARPEFS technique, we stud
s and non-s initial-state photoemission from clean metal su
faces. As expected, the Cu 3s x(k) curve is roughly 180° out
of phase from the Cu 3p x(k) curve. The clean surfac
ARPEFS data resemble data for adsorbate systems, sho
strong backscattering signals from atoms up to four lay
below the source atoms. In addition to the backscattering,
Ni 3p data and Cu 3p data show a peak in the FT a
;2.5 Å corresponding to in-plane single scattering of t
photoemission wave.

Although there were many layers of emitters in this cle
surface study, the ARPEFS fitting process was sensitiv
the surface relaxation. The spacing between the first
nickel layers is 2.09~3! Å, which is a 3% expansion from th
bulk nickel value. This result indicates that hydrogen w
A.

, L
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adsorbed on the surface during the data acquisition. By c
trast, the spacing between the first two copper layers
2.06~5! Å.

For the Cu~111! 3s and 3p fitting, theR factor was mini-
mized as a function offe andue . These contour plots illus-
trate that the Cu 3p photoemission intensity is more direc
tional than the Cu 3s photoemission intensity. This in turn
indicates that the photoemission intensity from the Cup
core levels must have mostlyd wave character.

To study the scattering processes in more detail, two ty
of test calculations were completed. A cluster with a sin
emitter adsorbed on a layer of scattering potentials was u
to investigate the possibility of detecting double-scatter
events directly in the FT. To this end, the Cu 3p test results
were more convincing than the Cu 3s test results. A second
test system used a ten-layer cluster and a single em
moved successively through the first six layers. Although
signal from the deeper layers may modulate the hi
frequency oscillation magnitudes slightly, the photoemiss
signal comes principally from the first two crystal layers.

It has been shown that photoelectron holography sign
from clean surfaces are dominated by forward scatter
with atomic positions being imaged up to three layersahead
of the emitting atom.38 A combination of these two photo
electron diffraction techniques would therefore provide
very good method for studying ordered interfaces.
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