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, } ABSTRACT |
- Final-state effects 6n angle-resolved photoemission extended fine structure
(ARPEFS) y(k) cuwes were studied using previously. published normal-emission
experimental data from the S 1s and S 2p core levels of c(2x2)S/N i(001). The two
x (k) curves appeared to be approximately 180° out of phase as predicted by TOng
and Tang. However, in contrast to the expecfations based on plane-wave theory,
the Fourier transforms of the‘experimental S 1s and S 2p data sets are quite
different, with a Generalized Ramsauer-Townsendv_ splitting present in the 1s but
not in the 2p data. Multiple-scattering 'sphericali-wave calculations were car_ried out
o study the final-state effects. Based on the calculations, an approximate method
for analyzing ARPEFS’ data from a non-s initial;state using only the 'higher-f
partial wave was pfoposed and successfully tested with the experimerital S 2p
ARPEFS data. | | |

PACS numbers: 61.14.-x,68.35.Bs,79.60.Dp



~ Angle-resolved photoemission extended fine structure (ARPEFS), in which

angle-resolved core-level photoemission intensities from surface atoms are |
measured over a wide photoelectron kinetic-energy range, is a proven technique for
surface/interface structure determination.l-5 In the past few years, ARPEFS has
been used successfully to study the local atomic structure around the adsorbate
at.oms and the adsorbate-induced relaxation of the substrates.6-13 In these studies,
Fourier transform (FT) analyses yielded qualitative and semi-quantitative surface
structural.information. The peaks in the ARPEFS-FT spectrum correspond to path-
length differences (PLDs) between the direct wave and single-scattered waves, plus
a phase shift. Additionally, multiple-scattering spherical-wave (MSSW) analyses
of ARPEFS y (k) data yielded quantitative surface structures.

Most of the above ARPEFS studies were based on photoemission data from

atomic s core-level initial states, for which the selection rule A¢; =1 gives a p-

wave final state. Our experience with ARPEFS data from non-s initial states, and
their FTs, is very limited, however. For non-s initial states (¢; #0), the

photoelectron final state is made up of partial waves with orbital quantum numbers
¢;+1 and ¢; -1, and a phase relationship between them which leads to
interference between the two partial waves. The partial wave transition matrix
elements and the phase angle are in general energy-dependent. Despite these
corhplications, there are a number of interesting experimental situations for which
ARPEFS studies on a non-s initial state may confer some advantage. For this
reason, as well as general curiosity, we decided to look more carefully into a
comparison of the existing data on the ¢(2x2)S/Ni(001) system. Two unanticipated
results emerged. First, the Fourier transforms of the two data sets differed

substantially, with a peak being split by the Generalized Ramsauer-Townsend

Effect in one data set but not in the other. Second, the dominance of the ¢; +1



partial wave in the final state is so strong that the data could be analyzed with very
gbod accuracy by using this wave alone, ignoring the ¢; —1 wave.

Tong and Tang3 feported-a theoretical study of thé effect of final-state
symmetry on normal photoelectron diffraction data, based on calculations of
backscattering from sub-surface crystal layers. They derived the factor (-1)5" 1o
describe the phase relationship of ARPEFS y (k) data from an arbitrary initial state.
According to this factor, the ARPEFS (k) curves for initial states of odd ¢; are
~predicted to be 180° out of phase relative to those for initial states of even ¢;.
Furthermore, their calculations showed for c(2x2)S/Ni(001) that, in their layer-
scattering model, the ARPEFS x (k) curves from different initial states would have
the same frequencies, and the ARPEFS-FTs would therefore have the same peak
positions. Tang8 later examined the data, found quite good agreement, and
concluded that these predictions were borne out. ' | |

In the present work, we have reaihvestigated this iss'ue‘ in more detail, using
the Same'experimental S 1s and S 2p ARPEFS data from c(2x2)S/Ni(001). Both
data sets had been measured noﬁnal to the crystal surface plane because in the
early work the "normal photoelectron diffraction,"” or NPD, mode was regarded as
special, consistent with the picture of backscattering off crystal planes rather than
atoms. The photon polarization vectors were oriented 30° and 35° off the surface.
normal toward the [011] direction.%:10 | o ,
| Figure la compares these two ARPEFS data sets. The experimental S lvs
and S 2p ARPEFS x(k) curves are indeed approximately 180° out of phase as
predicted by Tang and Tong. Again we note that this prediction was made in the
context of a scatteﬁng model of plane waves backscattering from sub-surface
crystal layers. The FT of a normal-emission curve was regarded as yielding the
distances to these layers. The current fnodel is that of a curved photoelectron

wave emanating from the source atom and. scattering from neighboring atoms; the



FT thus yields the path-length differences between the direct and scattered
photoelectron waves.5 Later studies have shown that the ARPEFS oscillations are :
dominated by atoms within a backscattering cone -- not just 180° backscattering.
Hence, although the S 1s and S 2p ARPEFS data appear to be about 1805 out of
phase, the generality of the (—1)2i+1 factor for _non—backscattering geometries is not
established. |

It is also important to ascertain whether these two ARPEFS data sets have
the same fréquencies and, therefore, the same peak positions in their FTs. Figure
1b compares the auto-regressive linear prediction (ARLP)-based FTs of the two
% (k) curves shown in figure 1a.14 The ARPEFS-FTs from the 1s and 2p initial-
states are, in fact, significantly different, contrasting expectations based on the

earlier theory.8

- First, Figure 1b shows the Generalized Ramsauer-Townsend (GRT) peak-
splitting of the peak near 4A in the 1s but not the 2p initial-state FT. Note that the
GRT peak-splitting did not appear in the 1s initial-state FT in the early theory. The
GRT splitting in the 1s initial-state ARPEFS-FT has been studied previously.!5
This splitting occurs because the scattering amplitude goes nearly to zero at a given
angle and k, passing nearly through the origin in the complex plane and incurring a
180° phase shift. In the plane-wave approximation (PWA) used in the early

theory, the atomic scattering factor, as described by

' Lmax .
FPWA(ej’k) =¥ gb(ﬂ +Ie™ _Sin(ae)Pz(cosej)’ | -

is independent of the final state. Here o, is the jon-core partial-wave phase shift,
Pe(cose j) is a Legendre polynomial, and 6; denotes the scattering angle of a

scattering atom j at a distance R; from the source atom. It has been shown that the



PWA can only give approximate results in ARPEFS.15.16 Because Fpwa (9 j,k) is

independent of the final state, the present work, which is based on differences
between the final states, again illustrates the importance of using the curved-wave
approximation (CWA) in ARPEFS to make accurate | surface-structural
determinations. o | '

| Barton and Shirley6 discussed the CWA for the atomic scattering factor for
an arbitrary initial state. Additional studies of the initial-state dependence of the
atomic scattering factor have been completed for both photoelectroh diffraction
and extended x-ray absorption fine structure.6.7.17-20 Based on the CWA, atomic
scatteﬁhg factors for an arbitrary initial state are described in ARPEFS by

Fowa(¢1:03K) = “airh (kR Y ym, (&) P (0. K)(1+ 5582) -

€ J

where h}(kR;) is the spherical Hankel function of the first kind and Y, (R;)

is the spherical harmonic evaluated at the angles given by the unit vector R i

- Because Fcwa in Equation (2) is dependent on the final stéte, a given phenomenon,
such as the GRT effect, may be present in the p final-state atomic scattering factor
while at the same time being absent in the s or d final-state factor.

Figure 2 plots the final-state-d_ependent scattering factor in the complex
plane. It is directly analogous to Figure 3 in Ref. 15. The scattering factors were
calculated for 8;=130.5° (the normal-emission scattering angle off the sulfur
atom's four nearest-neighbor nickel atoms). The tick ‘marks indicate the
photoelectron wave;number scale in A-1. Each scattering factor .curve is also
labeled with its respective photoelectron final state. The (real part of the)
scattering amplitude for a given k is the distance from the origin to that k-point on

the scattering factor curve. The phase shift for a given k is given by the angle -



between the positive real axis and that k-point on the scattering factor curve. For
the p final state, the scattering amplitude is almost zero at k=7.5A-1 and the phase
shift changes abruptly by 180°. Hence, a GRT effect in the S 1s initial-state
ARPEFS data would be predicted from this curve, in agreement with experiment.

Turning to the S 2p ARPEFS case, there is also a significant dip in the
scattering amplitude and a fairly abrupt 180° phase shift change for the s-wave
scattering factor. However, the d-wave scattering amplitude varies modestly
throughout the entire k range and even increases slightly at k=7A-1. Equally
important, the d-wave scattering factor has no abrupt phase-shift changes. Thus no
GRT effect would be possible for the d-wave alone. It will be shown that the final
state in S 2p photoemission through this energy range is dominated by the d-wave
and no GRT effect is predicted. The S 2p ARPEFS data and FT agree with this
prediction as shown in Fig. 1.

The second way that the FTs in Fig. 1b differ is that the 6A peak positions in
the 1s and 2p initial-state ARPEFS-FTs are shifted. The shift is much smaller for
the higher path-length difference (PLD) peak at 10 A. These results are easily
understood within the CWA formulation of atomic scattering factors. The peak
positions in the ARPEFS-FTs are affected differently by the respective atomic
scattering phase shifts depicted in Fig. 2. Furthermore, as R; increases (larger
PLD), the CWA approaches the PWA. The differences in the peak positions
become smaller as the atomic scattering factor becomes less dependent on the final
state. To test this interpretation, we computed FT curves from the theoretical
MSSW best fits to the data and they reproduced the shifts shown in Fig. 1b.

The ARPEFS data and FT from the 2p initial state require both s and d
partial waves to describe the final state. The interference between these two partial
waves was examined theoretically for ¢(2x2)S/Ni(001) using the Kaduwela-Fadley

MSSW code,” which is based on the scattering formalism of Rehr and Albers.1?



- Friedman and Fadley?! have discussed this method and its application to

photoelectron diffraction from arbitrary initial states.
~ For the calculations presented here, the radial dipole matrix elements, R T

~and phase shifts, 8, .,, were obtained from Goldberg et al.22 These values
describe the shape and phase relationship between the two partial waves, Zi +1,
and thus the true s+d final state.: The scattering phése shifts for sulfur and vnickel
were provided by Kaduwela and Fé.dley.23 Structural .and non-structural
parameters of ¢(2x2)S/Ni(001) were taken from previous ARPEFS studies.6.7 The
S-Ni interlayer spacing, d L,' iS 1.30A,. and the first two nickel layers are separated
by 1.86A. The second-to-third nickel interlayer spacing is the bulk value, 1.76A.
- Figure 3 compares the MSSW calculation to the experimental data. The agreerrlent'
| betweerl theory and experiment is quite good. |

- The interference between the s and d partial waves was examined. Figure 4
~ compares the MSSW-ARPEFS curves calculated for the s and d partial waves, as

well as for the actual s+d final state. The ratio of the S 2p radial dipole matrix

'elemer_lts, ﬁ:: , 1s greater than 3 throughout the ARPEFS energy range. Hence, in

this particular case, we would expect the ARPEFS data to be dominated by the
¢, +1, or d, partial wave. To further this idea, we might be able to simulate the

- ARPEFS data to some reasonable level of accuracy by considering the d wave
alone. This " éi +1 approximation" may be applicable more generally, but we shall
investigate. it here only for the S Zﬁ case. In an ARPEFS study based on
photoemission data from a non-s initial state, if the two partial waves in the final

state give comparable contributions, then accurate information about both
transition matrix elements, R, ,; and R, _;, and their relative phase is required

throughout the energy range to make accurate surface structural determinations.
This information is available at various levels of approximation in the atomic

photoemission theoretical literature.



On the other hand, if the ratio %%: is large, it may be possible to analyze

“ARPEFS data to reasonable accuracy using contributions from only the single
£; +1 partial wave. In this case, accurate information about the radial dipole
matrix elements from the non-s initial states is not required. We have successfully
tested this approach using the experimental S 2p ARPEFS data of c(2x2)S/Ni(001).
Figure 5 shows the best fit of the experimental S 2p ARPEFS data with the MSSW
calculations based on the actual s+d final state as well as the d partial wave alone.

The quality of fit is measured by the R-factor, defined as:

R Z[xe(k)—xtgk)]2 | -
X [%e (K)]

where (k) denotes the experimental ARPEFS data points, and y,(k) denotes

the MSSW calculation based on either the s+d final state or on the d partial wave.
By fitting with the complete s+d final state, the derived interleiyer spacing between
the adsorbate S layer and the first Ni substrate layer was d l=1.31A, in very good
agreement with accepted value.10 The R-factor value for this fit was 0.16, as
shown in the inset in Fig. 5. By fitting over the same energy rahge with only the d
partial wave, the values d ; =1.30A and R=0.30 were obtained.

In summary, the final-state effects in- the ARPEFS study of e;dsorbed
surfaces were investigated using experimental S 1s and S 2p ARPEFS data from
c(2x2)S/Ni(001). The experimental 1s and 2p ARPEFS data appear to be
approximately 180° out of phase as predicted by an early theoretical description.
However, FTs of the experimental 1s and 2p ARPEFS % (k) data are quite different
due to the curved-wave characteristics and the scattering-factor differences of the

photoelectron final states. MSSW calculations were carrried out to study the final-



state effects. Based on the calculations, it was found for this particular case that
the ARPEFS data from this S 2p non-s initial state can be analyzed using the ¢; +1

partial d-wave contribution alone. For this case, the ratio of the radial dipole
. R[-+1 . . . .
matrix elements, K, s relatively large, exceeding 3 throughout the energy

1

range. This approach may have wider applicablity for other core levels.
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FIGURES | |

Figure 1: a) EXperimental S 1s (solid line) and S 2p (dotted line) ARPEFS data of
c(2x2)S/Ni(001); b) ARLP based FT of the experimental S 1s (solid line) and S 2p
(dotted line) ARPEFS data of c(2x2)S/Ni(001)

Figgre 2: Final-state scattering factor calculétions for s (dashed line), p (sblid line),
and d (dotted line) plotted in the complex plane (6j=130.5°). The tick marks
indicate the photoelectron wave-number séale' (A-1). The (real part of the)
scattering amplitude for a given k is the distance from the origin to that k-point on
the scattering factor curve. The phase shift for a given k is given by the angle

between the real axis and that k-point on the scattering factor curve.

Figure 3: Cbmparison between the experimental S.2p ARPEFS data (solid line)
and the MSSW calculation result (dotted line)

Figure 4: MSSW calculation results for the s+d final-state (solid line), the single d
partial wave (dotted line), and the single s partial wave (dashed line)

Figure 5: Comparison between the experimental S 2p ARPEFS data (solid line)
and the best fit MSSW calculation result based on the actual s+d final-state (dotted

line) and the single d partial wave (dashed line); The inset shows the R-factor vs
di for the actual s+d final-state (solid squares) and the single d partial wave (open

circles).
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Figure 1: ARPEFS Experimental Data
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| Figure 2: Final-State Scattering Factor Calculations
Plotted in the Complex Plane (6 j=130.5°)
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Figure 3: Experiment and MSSW Calculation (S 2p initial-state)
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Figure 4: MSSW Calculations (S 2p initial-state)
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Figure 5: Experiment and MSSW Calculation (S 2p initial state):
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