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Angle-resolved photoemission extended fine structi@PEFS was used to determine the structure of
c(2%x2)P/F&100. Photoemission data were collected normal to (t@0 surface and 45° off-normal along
the[011] direction at room temperature. A close analysis of the autoregressive linear-prediction-based Fourier
transform indicates that the P atoms adsorb in the high-coordination fourfold hollow sites. Curved-wave
multiple-scattering calculations confirmed the fourfold hollow adsorption site. The P atoms were determined to
bond 1.02 A above the first layer of Fe atoms and the Fe-P-Fe bond angle is 140.6°. Additionally, it was
determined that there was no expansion of the Fe surface. Self-consisteidisizhttered-wave calculations
were performed for the(2x 2) P/F€100) and thec(2X 2)S/F€100 systems. These independent results are in
excellent agreement with this P/Fe structure and the S/Fe structure previously published, confirming the
ARPEFS determination that the fEe, interlayer spacing is contracted from the bulk value for S/Fe but not
for P/Fe. Finally, this structure is compared to structures from the literature of atomic nitrogen, atomic oxygen,
and sulfur adsorbed on the @€0 surface[S0163-182807)06715-5

I. INTRODUCTION test this fitting method, each data set was fit individually and
these results were in good structural agreement.

From the viewpoint of materials science, catalysis, and Additionally, self-consistent-fieldXa scattered wave
magnetism, a detailed knowledge of iron and its interactiof SCF Xa SW or Xa SW) calculations were performed for
with other elements and compounds is very important. Theréhe c(2X2)P/Fé100) and thec(2x2)S/F¢100 (Ref. 17
have been many theoretical studies of the structure and engystems. These independent results are in excellent agree-
brittlement of iron grain boundaries due to the presence offeént with this P/Fe structure and the S/Fe structure previ-
phosphorus, a common impurity® The electronic and mag- ously publls.hed, conﬂrmmg thg ARPEFS determination that
netic properties of Fe surfaces and thin films have been studi® F@-F& interlayer spacing is contracted from the bulk
ied extensively as wefi-! Egert and Panzn®seem to be value for S/Fe but not for P/Fe.
the first to observe the(2x2) low-energy electron diffrac-
tion (LEED) pattern when P is adsorbed on theg Fa®) sur-
face, but the structure determination using LEEN curves

has not been done to date to our knowledge. [l. EXPERIMENT
ic ni i 3,14
c'jl'he Ift;gg}yres of atomic nitrogeéfi,atomic oxyger?, The experiments were performed in an ultrahigh-vacuum
and sulfu

_ adsorbed on the K800 surface have been namne?” at pressuress60 nPa using beamline 3{3umbo,
publlshed. Using angle-resolved photoemission exte_ndeghe Gé111) double-crystal monochromat8t at the Stanford
fine structure(ARPEFS, we present a structure determina- synchrotron Radiation Laboratory. This beamline was cho-
tion of chemisorbed (2 2) P/F¢100). These four adsorbate sen so that photoemission data could be acquired from the P
structures are summarized and compared in the Discussion:s core level, which has a binding energy of 2149 eV. The
Also known as scanned energy photoelectronphoton energy was scanned from 2200 to 2700 eV, the en-
diffraction;® ARPEFS is a technique proven to yield accu- ergy resolution was 1.0-2.0 eV full width at half maximum
rate, local structural information of atomic and molecular(FWHM), and the degree of linear polarization wa®.98.
adsorbates on single-crystal surfaces to very high The Fe crystal6 mm diameter and 2 mm thigkvas cut
precisiont”1°=2% |n addition to determining the adsorbate from a boule using an electronic discharge machine. The
structure, ARPEFS is able to detect any relaxation of the firs€100) surface was oriented t&r1° precision by Laue back-
few layers of the substrate. By analyzing the autoregressivecattering. Before chemical etching, the final polishing was
linear-prediction{ARLP) based Fourier transforifT),>>?®  accomplished with a 0.mm mesh A}O; powder. The
the binding site and a reasonably accurate structure can lsample was mounted on a high precisiongy(z, 8, #) ma-
determined. This allows for a close estimate of the structuraipulator.
without the need for any theoretical calculations. Using this The crystal was cleaned by repetitive cycles of Aon
estimate as a starting point, curved-wave multiple scatteringputtering(beam voltage 1.0 kV, emission current 20 mA
calculations can then be used to determine the structure @®nd subsequent annealing by electron bombardment from be-
very high precision~=0.02 A). hind to ~970 K. Iron undergoes a bcc to fcc phase transition
Photoemission data were collected normal to ¢hé0) at ~1180 K so it was important not to approach this tem-
surface and 45° off-normal along th@11] direction at room perature. The temperature was monitored with a chromel-
temperature. A close analysis of the ARLP-based FT indialumel thermocouple attached near the sample and calibrated
cates that the P atoms adsorb in the high-coordination fouwith an infrared pyrometer. After 5 weeks of these sputter-
fold hollow sites. The curved-wave multiple-scattering cal-anneal cycles, the near-surface region was depleted of C, O,
culations that simulate the photoelectron diffractionand S, and the surface could be cleaned after each set of
confirmed the fourfold hollow adsorption site. By simulta- experiments by sputtering with a 0.5-kV beam voltage and
neously fitting both ARPEFS data sets, the P atoms werannealing to only~820 K.
determined to bond 1.02 A above the first layer of Fe atoms. The LEED pattern of the clean surface showed a clear and
The Fe-P-Fe bond angle is thus 140.6°. Assuming the radiusharp (1X1) pattern. The bulk contaminants C, O, and S
of the Fe atoms is 1.24 A, the effective P radius is 1.03 A. Towere monitored with Auger electron spectroscdp¥S) us-
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ing four-grid LEED optics in the retarding field mode. The
surface contamination level was within the noise level of the

measurements both before and after the data acquisition. The The photoemission data were collected in two different

¢(2x 2) phosphorus overlayer was prepared by exposing th8_xper|mental geometries. In the first data set, the photoemis-

surface to PH gas(from Matheson Ing.using an effusive sion angle was normal to the @0 surface, i.e., th¢001]

. direction, and the photon polarization vector was 35° from
beam doser and then annealing the sample to 770 K. In S€%he surface normal. This geometry gives information that is
regation studies of P in Fe, Shell and Rie@ obtained an ' 9 ya

IIl. DATA ACQUISITION AND ANALYSIS

Auger peak ratio of Byv(119 eWFq_sVV(47 eV)=0.932
whereas Egert and Panzhenvho observed thec(2x2)

LEED pattern obtained the Auger peak ratipMﬁ/Fa_aw

=1.0. For the data presented here, the Auger peak ratio
PLum /FeLyy="1.45.

most sensitive to the Fe atoms directly below the P atoms. It
could be a first layer Fe atom if P adsorbs in an atop site or
a second layer Fe atom if P adsorbs in a fourfold hollow site.
If P adsorbs in a bridge site, then the data will be very dif-
wderent. The second set of photoemission data was collected
along the[011] direction, i.e., 45° off normal toward the

The photoemission spectra were collected using an anglé110 crystallographic plane, and the photon polarization
resolving electrostatic hemispherical electron energy anavector was oriented parallel to the emission angle. By taking
lyzer (mean radius of 50 mjn which is rotatable 360° ARPEFS data off normal, the structure parallel to the surface
around the sample’s vertical axis and 100° around the sanis enhanced. Thus, curves from the three possible adsorption
ple’s horizontal axis. The analyzer pass energy was set teites listed above will appear significantly different. Ana-
160 eV and the energy resolution was approximately 1.6 e\lyzed together, the two different experimental geometries al-
FWHM. The angular resolution of the double einzel inputlow for an accurate determination of interlayer spacings,
lens was=+3°. bond lengths, and bond angles.
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FIG. 2. ARLP-based FT's of the ARPEHRS801] data(left column and[011] data(right column. The dashed vertical lines indicate the
expected peak positions based on calibration to[@] peak at 4.77 A for(a) atop,d, =2.39 A; (b) bridge,d, =2.17 A; (c) bridge,
d, =0.74 A; (d) fourfold hollow, d, =1.96 A; (e) fourfold hollow, d, =0.95 A. The numbers with units of degrees indicate the scattering
angles representative of each respective line. Considering both the expected positions and the scatterite) anglest likely the closest
estimation to the true structure.

ARPEFS raw data are a series of photoemission spectraindow with the P ¥ photopeak located at the center. The
with changing photoelectron kinetic energy, which was var-peak was fit with a Voigt function to model the natural line-
ied from 60 to 600 eV(4 to 12.5 A%, recorded in equal width as well as the experimental broadenifig.
0.1-A~! step3. Each photoemission spectrum was a 20-eV  The purpose of fitting the spectra is to extract the most



10834 W. R. A. HUFFet al. 55

accurate area from the peaks to constructytie diffraction  late the distance between the P layer and the first Fe layer for
curve containing the structural informatiop(k) is defined each adsorption site. This estimation ignores the small phase

by?? shift effects. The PLD for the strong scattering events can
then be calculated and the results for each adsorption site can
x(k) = &_ , (1) compared to th€001] and[011] data FT's as is done in Fig.
lo(k) 2. The dashed vertical lines in Fig. 2 indicate expected peak

wherel (k) is the peak area plotted as a function of the peaLPO_SitionS for eac.h rgspective geometry. The numbers wi'gh

position ink spacel (k) is a smooth, slowly varying func- Units of degrees indicate the scattering angles representative

tion with an oscillation frequency much lower thagk) and  of these lines.

stems from the contribution of the inelastic scattering pro- The calculated peak positions for the atop adsorption site

cesses and the varying atomic cross section. It is adequate &e shown in Fig. @). Using the[001] FT peak at 4.77 A for

use a simple polynomial function of energy to fiij(k).>°  calibration, the P-Feinterlayer spacing would be 2.39 A.

The experimental ARPEFS data thus obtained are plotted i€alculating prominent PLD’s shows reasonable agreement

Fig. 1 along with a schematic of the respective experimentafor the [001] FT except there is no way to account for the

geometries. The dashed curves in Fig. 1 are the best-fit rdeature at 3.50 A. Although the peak positions are in agree-

sults from the multiple scattering modeling calculations,ment, examining thg011] FT shows that an atop adsorption

which will be discussed later. site is unlikely because the strongest feature in the data is the
peak at 3.76 A. The only Fe atom giving rise to this PLD
would be at a scattering angkg=85°. Since ARPEFS is

A. Fourier analysis dominated by backscattering eveft$® the data peak at

At this point, it is interesting to take the autoregressive?-57 A should dominate the FT if P adsorbs in an atop ge-
linear-prediction-based Fourier transfortARLP FT) to ~ ometry.
move from momentum space to real space. In ARPEFS, the When considering a bridge adsorption site, there are two
positions of the strong peaks in ARLP FT’s from adsorbatepossible P-Fginterlayer spacings, depending on which atom
substrate systems can be predicted with fairly good accuracyne chooses for calibration of the 4.77{801] data peak.
using the single-scattering clust@&SQ model together with  Figure 2b) indicates a spacing of 2.17 A obtained if one
the concept of strong backscattering from atoms locatetbelieves that scattering from tHast layer Fe atoms gives
within a cone around 180° from the emission direction. Therise to this peak. Figure(®) indicates a spacing of 0.74 A
effective solid angle of this backscattering cone is ca. 30°-obtained if one believes that scattering from seeondayer
40°; it is not unique, but is operationally defined simply by Fe atoms gives rise to this peak. In each case, only one of
opening the angle until it can account for the observed Fhwo possible bridge sites can be occupied witie(2x 2)
peaks based on the crystal geometry. Signals from scatteringEEp pattern. These sites are degenerate for[@6d] FT
atoms very close to the source atom may be observable evejyt pecome distinct for th€011] FT. For the off-normal
if the scatterers lie outside the nominal backscattering cong.aqe the strong backscattering peak will be either from a first

These FT peaks correspond to path-length differencegy, o re atom or from a second layer Fe atom. Due to the

(PLD)'thAFJ ’ betweten dt_he EOTp?hnegt tOf tthe IOg?[thoemittecjsymmetry of the(100) crystal face, each bridge site is ener-
wave that propagates directly to the detector and the comp jetically degenerate. Thus, in an experimental situation, do-

o o e Feertle "M of each wil occu and011] ARPEFS it for
9 ' ' P P #=45°, $=0° would be identical to ARPEFS data where

AR;=r;(1—cost))+ ¢;, 2) #=45°, $=90°. The FT would show peaks from each do-

. ) . ., main. Therefore, if P adsorbed onto a bridge site, many more
wherer; is the bond lengthg; is the scattering angll80°  hoqus would be expected in the1l] FT than are actually
for exact_ backscattern)g and ¢ is the gtqm|c Scattering ypare What this discussion implies is that ARPEFS is unable
phase shift. The scattering takes place inside the crystal aréa distinguish the two domains a{2x 2) from ap(1x 1)

the ARPEFS data must be shifted from the measurecoverage in which both bridge sites were occupied equally
X(Koutside crysta)l t0 x(Kinside crysta) to account for the inner po- :

tential. In ARPEFS modeling calculations, the inner potentialunless’ of course, the adsorbate-adsorbate interaction signifi-

is treated as an adjustable parameter and is typically 0_1gantly affects the adsorbate-substrate bonding in the denser

eV. The inner potential forc(2x2)S/F€100) was deter- COVErage. _ , _ _
mined to be 14.5 eV’ Thus, before Fourier transformation, ~ AS With the bridge site, two P-enterlayer spacings are
the ARPEFS data presented here were shifted by 14 eV tgossible with the fourfold hollow site. If the data peak at
higher kinetic energy. 4.77 A'is due to scattering from fast layer Fe atom, then
Without knowing anything about the structure, an analysighe layer spacing would be 1.96 A. These calculated PLD
of the normal and off-normal ARLP FT'’s can yield insight are shown in Fig. @)). However, if this were the correct
into the adsorption site as well as into the bond distance. Thgeometry, an intense peak due to backscattering from the
sharpc(2x2) LEED pattern suggests that the monolayersecond layer Fe atoms is expected at 6.79 A. Additionally,
coverage is 50% and that the P atoms adsorb on a highhe[011] FT would be dominated by a backscattering PLD at
symmetry site such as atop, bridge, or fourfold hollow. Us-5.22 A. The scattering angle for the line at 3.19 A would be
ing the bulk Fe interlayer spacing, 1.43 A, the strong peak a®8°, which is not expected to be so strong as described
4.77 A in the[001] FT can be used as a calibration to calcu-above.
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FIG. 3. ARLP-based FT’s of the ARPEFS
[001] data (solid line) and [011] data (dashed
line). A model of the lattice with the backscatter-
ing cones for each emission direction indicates
the scattering atoms corresponding to the FT
peaks.

ARLP-FT
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Alternatively, if the P adsorbs in a fourfold hollow site  Modeling calculations to be described in the next section
and the data peak at 4.77 A is due to backscattering from thare necessary to obtain highly precise bond distances. How-
secondlayer Fe atoms, then the P-F@terlayer spacing ever, with no modeling calculations, it has already been de-
would be 0.95 A. These calculated PLD are shown in Figtermined that P adsorbs in the high coordination fourfold
2(e). For this proposed geometry, the calculated PLD are itoliow sites and the P-Eénterlayer spacing is between 0.95

good agreement with the data and the scattering angles agg,q 1 19 A. The ARLP-ET’s for both tH@01] and the[011]

reasonable for the relative strengths of each pealfé_”it data sets are presented in Fig. 3. Also shown in Fig. 3 is a

In fact, from the structure analysis of2Xx 2) S/Fe, : : :
is expected that the P atoms adsorb in the fourfold hoIIowSChematK.: o.f the. cryg,tal with t.he back'scattermg cone for
sites and are-1 A above the first layer Fe atoms. It is pos- each emission direction superimposed; the labeled atoms

sible to extend this estimate by calibrating the R-Fer- cgrrespond to Iapeled peaks in each FT. Thg solid. lines in-
layer spacing to each strong data peak and then averaging tflisate the scattering atoms f@01] photoemission while the
results. Doing this estimation, the P, Faterlayer spacing dashed lines indicate the scattering atoms|[fiit1] photo-
would be 1.19 A. Noting that this distance is significantly emission. Peaks arise in the FT due to scattering from atoms
expanded over the S/Fe value of 1.09Ref. 17 and that up to five layers below the emitting atoms. The depth sensi-
this process neglects phase shifts, one should realize thtvity of ARPEFS has been described previodélgnd was
1.19 A is probably too large. found to be enhanced by multiple-scattering effects.
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FIG. 4. Directly analogous to Fig.(®. Here,d, =1.02 A as determined from the multiple-scattering calculations.

B. Multiple-scattering analysis (u,2>=<u]2) (T—). (6)
Modeling calculations were performed to simulate the

ARPEFS (k) curve and obtain a structure more preciseCorrelating Eqs(5) and(6) with Eq. (4), an effective surface
than yielded by the FT analysis. Using the single-scatteringitomic mass is introduced such that

model of ARPEFS?3! y(k) can be written as
<ui2,bulk> \ M i,bulk5<uj2,surfacé v Mj,effective (7)

where Mj,effective:Mj,surface if T/'9D,i<:L or Mj,effective

whereA, (k) contains experimental geometry factors includ- =M bui if T/0p ;>1. FOrT/6p ;~1, Mj efteciive iS allowed
ing the photon polarization direction and the electron emisf0 vary between the surface and bulk atomic masses. For this
sion direction as well as the scattering amplitude, apertur&tudy, wherelT =300 K andfp ;=400 K, it was found that
integration, and thermal averaging. the calculatedy(k) diffraction curve was insensitive to the

A code developed by Chen, Wu, and Shiffepased on  surface atomic mass, $8; efrective Was set to the atomic mass
the Rehr-Albers formalisit was used for the multiple- ©f P, 31 a.u.
scattering spherical-wave calculations presented here. This The atomic-scattering phase shifts were calculatesitu

code differs from the Kaduwela-Fadley cdtiend is suffi- by using the atomic potentials tabulated by Moruzzi, Janak,
Cienﬂy fast that multicurve f|tt|ng calculations can be per_and Williams®° The emission and pOlar|Zat|0n directions and

formed. the electron analyzer acceptance angle were set to match the
The calculations require both structural and nonstructuraxperiment as described earlier. The inelastic mean free path
input parameters. The initial structural parameters were dédMFP) was included using the exponential damping factor
termined from the FT analysis. The nonstructural parameter@ ", Where\ was calculated using the Tanuma, Powell,
included were the initial state, the atomic-scattering phas@nd Penr{TPP-2 formula® The IMFP calculation is impor-
shifts, the crystal temperature, the inelastic mean free patf{@nt in obtaining a close fit to the data and in determining the
the emission, and polarization directions, the electron anadepth sensitivity of ARPEFS. The TPP-2 formula seems to
lyzer acceptance angle, and the inner potential. The fitting€ the most accurate method to determine the IMFP, espe-

procedure allowed the structure to vary as well as the innefially below 200 eV. _
potential such that a best fit was obtained. The “multicurve fitting” feature means that multiple data

To account for vibration effects of the bulk atoms, the curves can be fit simultaneously as explained later. Figure 1
mean square relative d|sp|aceméMSRD) was calculated illustrates the best f(tdaShed |ine)5t0 both the[001] and the

X(k)=; Aj(k)cogk(Rj—R; cos )+ ¢;1, (3

using Eq.(33) by Sagurton, Bullock, and FadI&§, [011] ARPEFS data setsolid lineg by simultaneous fitting.
For these fits, a 76-atom cluster was used and the;P-Fe
) cT? interlayer spacing was determined to be 10A. The inner
(ui)e M, fg 1+ . L], (4 potential was 15.0 eV. The fitting also determined that there
» )i

was no relaxation of the first or second Fe layers from the
where M; is the atomic massfp, ; is the correlated Debye bulk 1.43-A interlayer spacing.

temperatureT is the sample temperature, aods a coeffi- Each data curve was also fitted individually to compare
cient that varies slowly with temperature. For calculating thethe results. For thE001] individual fit, a 76-atom cluster was
MSRD of the bulk Fe atomd], ; was set to 400 K. used and the P-Fénterlayer spacing was determined to be

Accounting for the surface atomic vibration is not as1.022) A. For the[011] individual fit, a 75-atom cluster was
straightforward. The relation between the MSRD and differ-used and the P-Fenterlayer spacing was determined to be
ent atomic masses has been given by Allen, Alldredge, and.01(2) A. The inner potential was the same as with the
de Wette*’ simultaneous fits. Neither of the individual fits showed any

5 ) relaxation of the first two Fe layers. These results confirm the
(U)YVM=(u?)M;  (T=0 K), (5  validity of the multicurve fitting method.
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C(2x2)N/Fe(100) p(1x1)O/Fe(100)

FIG. 5. Schematics of the structures of atomi@x2)N/Fg100), atomic p(1x 1)O/F&€100 (experiment on left, theory on right
c(2X2)P/F€100), andc(2x2)S/F€100).

For completeness, this modeling result can be comparesion was experimentally determined by Leggal. using
to the data using the same Fourier analysis presented in FigEED.™® Figure 5 shows a schematic of both proposed oxy-
2. Figure 4 shows the calculated peak positions and theigen structuregexperiment on left, theory on righas well as
respective scattering angles based on a 1.02-A Firffer-  the structures for N, P, and S. Because of its ability to accu-
layer spacing; this is directly analogous to Fige)2 Recall rately determine the near-surface reconstruction of the sub-
that in Fig. 2e), the 4.77-A peak in thE001] ARLP-FT was  strate, ARPEFS should be used to study el x1)0O/
used as a calibration to determine a 0.95-A R-Rerlayer  Fe(100) structure.
spacing. The slight P-Feexpansion from 0.95 to 1.02 A

shifts the ca!culated ET positions to higher path-length dif- C. Discussion of error
ferences. This results in a moderately better overall match to - _ S
the [001] and[011] experimental data. The best fit is determined by dfactor minimization. A

The fourfold hollow adsorption site and the PFater- three-step _fi_tting process is used to determine the true
layer spacing for this(2x 2)P/F&100) structure correlate R-factor minimum to prevent convergence to a local mini-
well with the structure for chemisorbed Mum. The initial coarse-fitting minimizes th& factor,
(2% 2)SIF€100).1517 These two structures are compared R=Ra, where
with atomic c(2X2)N/F€100) (Ref. 12 and atomicp(1l Sy o(K) = i o(K) T2
X 1)O/F€100) (Refs. 13 and 1Min Fig. 5. These four ele- R.=— X'vzc X|,2e (8
ments border each other on the periodic table and their inter- S K+ xre(K)]
action with iron is very important in materials science,
catalysis, and magnetism.

In Table I, a summary of these four structures is presente
along with the structure of the clean(#60) surface'’*°The
structure of atomic O adsorbed on the(F&0) surface is minimizesR= R where
interesting because the coveragep(d X 1), unlike atomic
N, P, or S. Also, using first-principles calculations, Chubb S L oK) = xi o(K) 2
and Pickett* predict a very large expansion of the first layer R=—_ Xic > Xie ,
Fe atoms. A smalletby a factor of 3 but significant expan- Zixi (k)

using a simple net searéfy; (k) andy; (k) are the points
in the calculated and experimenfglk) curves, respectively.

econd, the code again minimizRs- R, using the downhill
simplex method in multidimensiori$. Finally, the code

©)
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TABLE I. Structures of clean F&00), c(2X2)N/F€100, p(1xX1)O/F€100), c(2Xx2)P/F¢100, and
c(2x 2)S/Fé100). For the Fg-Fe, interlayer spacing, the percent expansion from the 1.43-A bulk value is
indicated. For O/Fe, the upper value indicates the experimental réfeéfs 13 while the lower value
indicates the theoretically predicted structdiRef. 14. “ X" indicates the adsorbate.

Clean Atomic Atomic
surface nitrogen oxyger? Phosphorus Sulfur
Coverage c(2X2) p(1x1) c(2x2) c(2x2)
reel X] (A) 0.59 0.78 1.03 1.06
relFel (A) 1.24 1.24 1.24 1.24 1.24
d,[X—Fe] (A) 0.48 1.02 1.09
0.27 0.38
d,[Fe,—Fe)] (A) 1.41(—1.4%32 0 1.54(+7.7% 1.43 1.40(—2.1%
1.54(+7.7% 1.76 (+23%
d,[Fe,Fe] (A) 1.43 1.43 1.43 1.43 1.46+-2.1%
d,[X—Fe)] (A) 181 2.02 2.45 2.49
’ 2.14
Bond angle o 153.3° 140.6° 123.4°
FeX-Fe 164.8 158.7°
%Percent expansion from the bulk 1.43-A value.
bUpper value from Ref. 13, lower value from Ref. 14.
using the nonlinear Marquardt methdld. ties. Studies of a range of molecular properties have shown

When using the multicurve fitting featur®, factors from  that this method has better performance than semiempirical
each fit must be_considered. For this, the sum of the indiMO methods and gives results of roughly doubleb initio
vidual R factors, Ry, is used. Thus, if fittin0N ARPEFS  quality**=*° The tremendous orbital sizes in our clusters

curves simultaneously, then makeab initio methods virtually impossible to apply and so
1 the Xa SW method is the highest level of theory practically
5 S available for this work. In fact, th&Xa SW method is par-
Row=2 § Rj- (10 . P

ticularly appropriate because of the high symmetry of the

. . _ 8Iu5ters for the calculations.
Note that the code is flexible such that a weighted sum could 4 1o the limitations of the muffin-tin approximation, the

be used if justification could be made for giving preferencey , s\w method may not provide a very accurate calculation
to theR factor of one ARPEFS curve over another. of reaction energetics such as the adsorption energy of the

While fitting, the largest effects stem from changes in thep;re or 5/Fe system. However, the error introduced by the
inner potential and the P-Feénterlayer spacing. Figure 6

shows a contour plot of thR factor as the inner potential L10
and P-Fe interlayer spacing are varied. Analysis of Fig. 6
indicates that the precision of ARPEFS-s+0.02 A, but
only if the inner potential is known very well. If, however,
the inner potential is allowed to float without constraint, the
precision of ARPEFS drops te =0.03 A.

I . o N N N

LogH | T AN
\,

ENLLAN SUNLERAN B SUAN BN '\\\f\‘ ‘Y\“\ BARRAN ‘4\\\1\\[& 5

R NS NN NN

A AT
NN p NN

IV. SCF Xa SW CALCULATIONS

The chemisorption structure of(2x2)P/F€100 and
c(2X2)S/F¢100 (Ref. 17 from the experimental determi-
nation may be further confirmed by theoretical calculations
in an appropriate model. In this section, we present SGF
SW (or Xa SW) calculations on two atomic clusters, RBFe
and SFg, which represent the two chemisorption systems
P/Fe and S/Fe, respectively. 0.96

The SCFXa SW formalism developed by Slaférand -
Johnsof®** seems to be a convenient compromise between 09|
the need for rigorous calculations and the limitations of com- 5
puting resources. The SCF equation is solved numerically. o9k
Basis sets are utilized only in the sense that there is a choice 8
of maximuml value allowed on each center. The numerical
solution is made possible by th&a approximation for the FIG. 6. Contour plot showing how th@ factor varies with the
exchange contribution to the total potential and the muffinP-Fgq interlayer spacing and the inner potential when simulta-
tin approximation for molecular potential and charge densiteously fitting th001] and[011] ARPEFS data.

P-Fe, Interlayer Spacing (A)

0.98 |2

N
10 12 14 16 18 20 22 24
Inner Potential (eV)
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TABLE Il. Variations of the total energy and the relative energy
@ of PFe with the P-Fg interlayer distance frorXa SW calculations
(Fe-Fe, was fixed at 1.43 A The last row lists the calculated
energy with Fg-Fe, fixed at 1.40 A.

- =0
- Qf ) O P-Fgq interlayer

P 1'13_’&_@7 R spacing(A) Total energy(eV) AE (eV)
T OO 777777 - f:Q / 1.06 —318411.46 1.89
1.04 —318412.48 0.87
1.01 —318413.35 0
@ 0.99 —318410.35 3.00
1.01 —318411.97 1.38

Ea Q‘O; :O mentally determined value of 1.40 A.

These calculation results confirm the ARPEFS determina-
: - _’_’_‘_@“{{:@_ B _’G _-eTT tion that the Fe-Fe, interlayer spacing is contracted from the
- O; TN - bulk value for S/Fe but not for P/Fe. If the fEe, interlayer
spacing is contracted to 1.40 A for the P/Fe system, the total
energy is raised by 1.39 eV. Similarly, if the Hee, inter-
FIG. 7. Structure of the two clusters Rf#nd SFgused forthe  |ayer spacing is fixed at the 1.43-A bulk value for the S/Fe
Xa SW calculations. system, the total energy is raised by 3.82 eV.

muffin-tin approximation can be overcome to some extent by
the use of overlapping atomic spheré&Ve therefore expect
that the relative changes of the total energy can be described
to desirable accuracy, especially those involved in small

structural variations near the equilibrium positions. Of Angle-resolved photoemission extended fine structure
course, the standard parameters should be used for this py{as used to determine the structure afP X 2) P/F100).
pose and the predicted equilibrium structures should not bﬁhotoemission data were collected normal to (&m) sur-
sensitive to the values of the parameters. face and 45° off-normal along th®11] direction at room

All standard nonempil’ical parametel’s for the CaICUIation&emperature_ A close ana|ysis of the ARLP-based FT indi-
were used. The radii of atomic spheres were chosen accorgates that the P atoms adsorb in the high-coordination four-
ing to Normari” and thea exchange parameters were takenfold hollow sites. The FT analysis also allowed the bond
from Schwarz's® tabulations. In the intersphere and outer-distances to be estimated with surprisingly high accuracy.
sphere regions, an average value a@f obtained from a The curved-wave multiple scattering calculations that simu-
valence-weighted average of thes for the atoms in the |ate the photoelectron diffraction confirmed the fourfold hol-
cluster, is employed. Figure 7 shows the structures of the tWgy adsorption site. By simultaneously fitting both ARPEFS
clusters PFgand SFg. The overall symmetry for each clus- gata sets, the P atoms were determined to bond(2).0%
ter isCy,. The four Fe atoms in the top layer are labeled byapove the first layer of Fe atoms. The Fe-P-Fe bond angle is
Fe and the five Fe atoms in the second layer are labeled bjyys 140.6°. Assuming the radius of the Fe atoms is 1.24 A,
Fe,. The distance of the adsorbed atonfdP ) to the plane  the effective P radius is 1.03 A. The inner potential was 15.0
formed by the Featoms is P-Fg(or S-Fg) and the distance ey, |t was also determined that there was no relaxation of the
between the first and the second layers of Fe atoms ifst or second Fe layers from the bulk 1.43-A interlayer

Fe-Fe,. The total energies of the clusters were calculated a§pacing. To test this fitting method, each data set was fit
several P-Fg(S-Fg) distances embracing the experimental

equilibrium distance while the Fd e, interlayer distance TABLE llI. Variations of the total energy and the relative en-

was kept at the experimental value. The total energy for argy of SFg with the S-Fg interlayer distance fronXa SW cal-

different Fg-Fe, interlayer distance was also calculated atculations(Fe-Fe, was fixed at 1.40 A The last row lists the cal-

the experimental P-F¢S-Fq) distance to compare the struc- culated energy with ReFe; fixed at 1.43 A.

tural difference in the FeFe, layer between the P/Fe and the

S/Fe systems. The calculation results are presented in Tables S-Fq interlayer

| and Il for PFg and SFg, respectively. spacing(A) Total energy(eV) AE (ev)
It is seen in Table Il that the P-Fénterlayer distance at

V. CONCLUSION

.. . . . 1.14 —319983.03 2.39
the energy minimum is around 1.01 A with the,fes, in-
: . . 1.12 —319984.57 0.85
terlayer distance set at the bulk value of 1.43 A. This result is 1.09 319985 42 0
consistent with the experimentally obtained structure. Table 1'07 _319984'40 102
[l similarly shows good agreement between the calculations : ' '
1.04 —319982.77 2.65

and experiment for the S/F@Ref. 17 system where the
S-Fg interlayer distance at the energy minimum is around 1.09 —319981.60 3.82
1.09 A with the Feg-Fe, interlayer distance set at the experi-
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