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ABSTRACT
Auto-regressive‘Fourier analysis of angle-resolved photoemission
extended fine structure (ARPEFS) from adsorbate core levels yields
complete, accurate surface_structures. _Sgattering peaks from
individual substrate]atoms were .observed using S(1s) phdtbemission» ;
from c(2x2)S/Ni(001)“andvp(2x2)S/Cu(001);*along [o11].

Fourfold-hollow site geometries were found for both systems, with

interatomic distances of R(S-Ni) = 2.24(3) A and R(S-Cu) = 2.28(3) A.
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In this Letter we show that photoe]ectfon diffraction data,'in_ |
the form of ang]e‘resoived photoemission extended fine strueture
(ARPEFS) from edsorbate cofe‘ievels, can be transformed to give path
Tength differences between:pEimafy and subsfrate-atom-scetfefed

photoelectron waves. Analysis ofvthese‘path length differences yields

“both distances and directions to nearby substrate atems. For a given

system, ARPEFS curves for one or mofe directions will thus provide a
complete surface etruCture determination. |
Energy-dependent photoe]ectron.diffraction]’2 has been qsed to
determine adsorbateésubstrate geometries for a number of-systems.3
Experimentally, photoemission into e’se]ected‘angle is measured'while
the photoeieetron kinetic energy . is swept by varying.a-tunable photon
source. -Until now, analysis of the intensity variations with energy
has been limited tovtriai-and-error comparisohs with the results of

4

scattering calculations.” Recently, normal emission theoretical

curves over extended energy ranges,5 and experimental curves over

6 were Fourier-analyzed to yield peaks at distances

short rangeS,
close to adSorbate;substrate interplanar spacings, but the role of
scattering phase shifts and the utility of this‘approach remained
dnc]ear.

Direct analysis Beginsbby deriving the ARPEFS curve from the.e
photoemission measurements. The intensity modulations, x (hv), are
extracted by removing the smooth atomic cross section: X (hv) =
(I-Io)/Io, where I is the measured intensity and I0 is the

atomic cross-section. Then the Einstein and DeBroglie relations are
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used to convert from photon energy to electron wave vector, k =
[2m(hv-E )/ﬁz]]/z, where E  is an adjusted core- ]evel b1nd1ng

energy. A s1ng]e scatter1ng node]7 for photoe]ectron d1ffract1on

™
predicts the resu1t1ng ARPEFS modu]atlons accord1ng to
. . i o {./
; cos lef(aJ) | '
x(k) = L o3 = cos[krj(lacos\aj)-+ ¢j]’“ (1)

where the photoelectron wave encounters an ionicore at_a{distqnce rj
from the source atom, scatters through an“anglefaj with amplitude -
| If(aj)l and, after a phase shift ¢j;‘pr0pagates towards the
detector. - The angle between the polarization direction and the direct
emission path is y; the angle between the polarization direction and
~ the initial path of an e1éétr9n‘scattered from site j is Bj; Figure
1 illustrates the scattering geometry.

Eq. (1) suggests that a rather large number of’path-length
differences AR. = r.(f—cos a:) can contribute to x (k). However,
two factors comb1ne to emphasize the contributions from scatterers
lying more or 1ess directly behind the source atom (i.e., aj near- -
180°). First, as Orders and Fad]ey8 noted, f(aj):tends to peak -
strongly near a; = 0° and 180°, for electrons in the ARPEFS energy
range of 100-400 eV." Second, the (cos ej/cos y) factor in Eq. (1)
suppresses scatterfng from atoms at angles near 90% when the
polarization direction is pointed into the detectbr.‘

The strong peaking in scattering:amplitude near as = 180°

suggests that alignment of the detector, an adsorbate atom, and a
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techniques

~ structure.

substrate atom along the>po1arization'direction.would‘yield large
ARPEFS modulations with a frequency near er,,i.e., twice the bond
distance. Figure 2 shows  the results of two such experiments for .
S(1s) photoemission along {011] in the overlayer systems . o
c(2x2)S/Ni(00f) and p(2x2)S/Cu(001), which were prgpared_by‘sfandard

5’9.- Curves 2a and-2b both show large oscillations, and

both contain the sameﬂdominanﬁ,freqﬁency. Since several reportssjlgxi
agree that S bonds-inuthe'fourfofd?ho11ow site_on'Ni(opl), we may
imnediately conclude that S bonds in thfs same site on Cu(OO]). ,Ihe
energy ‘range spanned by the S/Ni-curve corresponds:to_ajwavé;numng 
.range"infﬂ’lﬁofnapproximate1y one period (2r): ;he,presencg.ofiqur_i .
major oscillations thus:indicates a path -length'difference AR °f:7n4‘A° .
The ‘ARPEFS data in-Fig. 2 were.analyzed by'an_auto-regnéssiyg. |
1inan‘bredictidhybrocedure;ll foliowed by Fourier analysjs, 
yielding the curves-shown in Fig. 3. The excellent resolution is a . |

consequénce of the auto-regression step. The first three peaks in the

middle curve of Fig. 3, at aR values of 2.0 A, 3.5 R, and 4.4 R, all

arise from the four nearest-neighbor nickel atoms along [110], ]y{ng

| respectively in front of, beside (2 Ni atoms), and almost directly

" behind the sulfur atom. The general form of these peaks establishes

without further analysis that sulfur lies in a_fourfo]d_ho1]ow site
};3-1.4 R above the surface, in agreement with the known

6’10. This curve alone approaches being a ;omp1ete,'
self-contained structure determination, because these thfee_peaks

carry information about interatomic distances and directions to each
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nearest neighbor Ni ‘atom separately. Because scattering phase

12

shifts = are known most reliably at present for backscattering -

]3 was applied to

“through 180°, full analysis by back transformation
the aR = 4.42 A peak alone. We derive R(S-Ni) = 2.24(3) &, in
exce]ient'agreemeht‘with the result of Bfennan;'et a].lo;

A similar analysis on the "unkndwn”;system;p(ZxZ)S/Cu(OOl) yields
similar results: a fourfold hollow site with aR = 4.54"R, and R(S-Cu)
= 2.28(3) A (Figs. 2a and 3a). The structure of'p(ZxZ)S/Cu(OO]) is
thus &étéfmined.

' Compéfing thelslﬂi‘énd $/Cu Fourier transforms reveals another .
importént AﬁPEFS feature: the intensities of peaks corresponding to
atoms‘ﬁith Bj'" 90° will be strongly dependent on the polarization
directidn;f;Ihe S/Ni measurements were made with the polarization
vector alignéd along the emission vector. The nearest neighbor with
the shbrtéstfpéthw1éngth had cos Bj/c05v7,=:0;12;‘ For S/Cu we . -
tipped tﬁe'pd1arization'vector 15fﬂclbser-touthe surface, increasing
the photoémeSion»flux onto_this‘atom-egnd'hence the sizg of the. first
peak;-by'a factor of 5: cos Bj/cqs.y = 0;63,7-This'polarization -
Vdependenéevprdvides a sensitive means for determining the exact
angular pbsiﬁioﬁ of individual substrate atoms.

Our results d]sb'prdvide'a useful comparison ‘of the ARPEFS and |
surface extended x-ray absorption fine. structure (SEXAFS) |
techniquesl4. Figures 2c and 3c reproduce the SEXAFS modulations
110,

and Fourier transform reported by Brennan et a SEXAFS is an

angle integrated“meésuremeht of the absorption cross section.- Its
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modulations vary as swn(Zkr + ¢b + ¢ ) osc111at1ng with a
frequency close to tw1ce the bond 1ength ARPEFS is an angle- reso1ved
measurement fo]]ow1ng cos(kr (1-cos aj ) + ¢ ). The frequency ev1dent

in Figs. 2a and 2b is c]ose to tw1ce the bond 1ength because the

- modulations are dom1nated by scatter1ng fron the nearest ne1ghbor

directly behind the sulfur. SEXAFS has both an absorber and a
backscatterer phase shift;'ARPEFS has only a backscatterer shift. The .

SEXAFS modulations are + 2%; the ARPEFS modulations are larger by

krj ~ 10. The SEXAFS polarization dependence has the form.of an
intensity.(coszej);’the ARPEFS polarization dependence follows an

amplitude (coslsj); But Fig. 3 illustrates the most important

,difference: each near neighbor appears as a separate peak in the

ARPEFS Fourier transform. The positions and intensities of these
peaks carry information about the distances and directions of
neighboring.atons and they can be varied by adjustinoythe emission
and polarization vectors. |
In summary, we'have reported experimental evidence for the
dominance of single‘backscattering in photoelectron diffraction. The
use of ARPEFS direct]y to solve the p(2x2)S/Cu(001) structure
demonstrates its power as a probe for surface structures.. With the
increasing performance of synchrotron radiation facilities, wide
energyarange photoemissfon data can be obtained for all elements,
fnc]udfng.the\techno]ogical]y and biologically imoortant'lonvz
e1ements; The ang]eereso1ved nature of ARPEFS gives it promise for

the'study of molecular and multi-site atomic adsorbates. Disputed -
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surface structures may be determined unambiguously by placing an
angle-resolved detector opposite an expected substrate atom and
recording the resultant ARPEFS. Complicated adsorbate'systems can be

ana]yzed é1ohg a variéty of emission axes; By careful choices and f

~
™~

variation of emission and polarization directions, it may even be 4

feasible to determine bond angles to within 1-2°.

i
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Figure captions
Cross- sect1ona1 v1ew of a fcc crystal (001) surface -showing the
experimental geometry and illustrating the parameters of the analyt1c
single scattering fbrmu]a. The angle resolved detector is alang the
vector labeled e ([011] direction); the polarization vector is ¢.
The angle-between'these two vectors is y. The vector from+the; )
emitter to the'scattering atam j makes an-ang1e B wfth the

J v
polarization vector and an angle aJ with the emission direction.f
X(E) curves are shown for (a) p(2x2)S/Cu(001) ARPEFS 1n the [01]]
direction, (b) c(2x2)S/N1(001)ARPES in the [011] d1rect1on, and

(c) c(2x2)S/N1(001) SEXAFS of Brennan et al., ref. 10.

}'Conpar1son of Four1er transform amp11tudes for (a) ARPEFS from

p(2x2)S/Cu(001), {b) ARPEFS from c(2x2)S/N1(001), and (c) SEXAFS from
c(2X2)S/N1(001) from ref 10. The ARPEFS range in k-space was

extended us1ng the auto regress1ve est1mat1on nethod pr1or to Fourier

‘transformation.
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Figure 1
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