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Surface roughness and LEED crystallography: Analysis of flat and vicinal W110)
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Low-energy electron diffraction intensity vs voltageEED I-V) measurements and analysis are used to
determine the multilayer surface relaxation of M/0). Measurements and analysis are presented for both flat
and vicinal surfaces, demonstrating that surface roughness leads to only small errors in LEED structure
determinations. Flat, clean W10 exhibits first-d;,) and second€,3) layer relaxations of-3.0+1.3% and
+0.2+1.3%, respectively, relative to the bulk lattice spacihg=2.237 A. This experimentally determined
surface relaxation of WWL10) is compatible with a recent combined density-functional theory calculation and
LEED study[M. Arnold, G. Hupfauer, P. Bayer, L. Hammer, K. Heinz, B. Kohler, and M. Scheffler, Surf. Sci.
382 288(1997)]. Surface roughned#n the present case, uniform atomic height stepfound to produce a
small apparent increase in the measured valu pfvhen determined using standdftht surfaceé LEED -V
methodology. However, for low step densities20 atoms/stepthe apparent change @, is small compared
to other sources of error, so it is unlikely that surface roughness is a significant source of error in LEED
structure determination§S0163-182809)00327-4

[. INTRODUCTION calculations produce relaxations in excellent agreement. One
would certainly like to know if the apparent discrepancies for

Recent interest in the structure of surfacelsas focused, reactive transition metals can be traced to surface contami-
in part, on what appear to be systematic discrepahties nation (hydrogen, specifically or defects such as surface
twgen flrst-prln'mples calculatlops and experimental determi- TABLE I. First- and second-layer surface relaxation ofM0).
natlo_ns of the f_w_st-layer relaxation at selected crystal faces O(Buoted values are in percent of bulk interlayer spacihg
reactive transition metals: @001, Zr(0001), Ru0001), —2237A.
Mo(110), W(110), and RK001). The magnitude of the dis-
crepancies, based on available experimental results,. gener- Ady,/dy (%) Adys/dy (%)
ally exceeds the accepted accuracy of both the experimental
techniques and the theoretical calculatidi@pecifically, the ~ Experiment

calculations systematically predict top-layer relaxations of Buchholz and Lagalfy 0.0+3

these surfaces that are a factor of 2-5 larger than available Van Hove and Torfy 0.0

experimental values. It is not clear whether these disagree- Smithet al® <2

ments are a consequence of errors in experimental or theo-Kim et al¢ 0.0+1.0

retical methodology, or both. Large variationsdyf, are ap- Arnold et al® -3.1+0.6 0.0:0.9
parent when comparing separately the experimental and Present work -3.0+1.3 +0.2+1.3
theoretical values for a given surfapeefer to Table | for  Theory

W(110 and the corresponding Table | in Ref. 2 for |yuo and Legrand ~14 —04
Rh(00D]. However, in spite of the scatter in theoretical and  Rodriguezet al9 —21 +0.7
experimental results considered separately, the systematiCy,, and Adam® -50 +4.6
discrepancies, noted and discussed t_)y Feibeﬁ@pear to Arnold et al€ 36 102
be real based on the presently available experimental and

theoretical work. 3 EED Ref. 8.

Resolving the origin of these discrepancies between me&tEED Ref. 9.
sured and calculated surface relaxations is important for seHigh energy ion scattering, Ref. 10.
eral reasons. According to conventional wisdom, this classi€Photoelectron diffraction, Ref. 11.
surface structure problem has been solved: in many casé&seEED and nine-layer DFT calculation, Ref. 1.
where low-energy electron diffractio. EED) analysis has Tight binding approximation, Ref. 12.
yielded surface structural parameters with good confidencéreference 13.
levels(r factors, first-principles local-density-approximation "Tight binding approximation, Ref. 14.
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roughness. Resolving the discrepancies may also help tand analysis appear to be very subtle; additional effort is
clarify our understanding of the basic mechanism responsiblbeing directed toward resolving this difference.
for relaxation at metal surfaces. Consistently small contrac- The present paper continues to explore the surface relax-
tions (as currently observed experimentally for the subjectations of the reactive transition metal surfaces identified by
metalg tend to support the “charge smoothing” picture of Feibelman. In our previous LEED study of ®I0©1), we ex-
Finnis and Heind,in which electrons above surface atoms plicitly addressed the “hydrogen contamination” issue in
tend to fill the spaces between them. This redistribution ofelation to surface relaxation measurements. In addition, we
charge at the surfacéSmoluchowski charge smoothilg obtained exactly the same surface structural parameters by
leads to the electrostatic interactions that induce surface renalyzing several LEED |-V data sets using different LEED
laxation. Large relaxations for close-packed or quasi-closestructure search codes andactors. In the present LEED
packed surfaces, such as those predicted by recent LDétudy of W(110), our objective was to obtain independent
calculationg,” favor the “promotion-hybridization” picture values ofd;, andd,3, in an attempt to determine which of
put forth by Feibelmafi.In this interpretation of surface re- the various existing experimental results fofa0) is valid.
laxation, the correlation between dimer bond lengths and suffhe present study also addresses relevant issues that pertain
face relaxations is noted, which leads to chemical argument® the accuracy of a LEED surface structure determination.
that may explain trends in surface relaxation. General trendSpecifically, special attention is given to residual hydrogen
in surface relaxation may indicate whether surface relaxatiocontamination, issues associated with surface roughness, and
is dominated by lowering of the valence electron kinetic enthe energy range of the data set.
ergy at a surface, or by the rehybridization of surface chemi- Our LEED study ofp(1x 1) H on Rh(001f—as well as
cal bonds. the corresponding study by Arnokt al! of p(1x1) H on

A survey of the literature representing experimental struc\W(110—demonstrates that surface hydrogen substantially
ture studies of the subject metal surfaces reveals that many afters the multilayer relaxation of a metal surface. The
the experiments based on low-energy electron diffraction inehange ind;, induced by a full monolayer coverage can be
tensity vs voltage(LEED I-V) were carried out over ten used to estimate errors resulting from the low coverages of
years ago. Examination of Table | covering structural dataesidual hydrogen or other surface contamination that inevi-
for W(110 illustrates the trend in experimentdiff**and  tably form during LEED I-V measurements. Based on expe-
theoretically*?~* determined values ofl,,: early LEED  rience gained during our study p{1x1) H on Rh(0013,
experiments and our own recent photoelectron diffractioron our electron-energy loss spectroscdB¥LS studies of
analysis of W110 concluded that the surface layer termi- hydrogen uptake on Y¥10), and on the experimental condi-
nates in essentially an ideal bulk crystal geometrytions maintained during LEED |-V data acquisition for
(Ady,/dg~0%). Early theoretical work obtained values for W(110), discussed later, we judge that errorglip resulting
Ady,/dg ranging from—1.4% to —5%. The range of theo- from hydrogen or other impurity atoms are negligible in the
retically determined values af,,, and the trend in differ- present study. Arnolét al! carried out extensive LEED I-V
ences between theoretical and experimental values illustrateghalysis ofp(1x 1) H on W(110) in conjunction with their
in Table 1, is typical of the other subject metal surfaces. Theanalysis of the clean surface. The excellent agreer{thst
recent work of Arnoldet al! (refer to Table I, this work in  cussed latérbetween LEED |-V spectra and structural re-
which state-of-the-art density-functional-thedBFT) calcu-  sults obtained in the present work with that of Arn@tal.
lations are compared with new LEED results, appears tds another indication that hydrogen or other surface contami-
have resolved the dilemma for the(WLO) surface. The new nation has not affected the structural results.
calculation again predicts a significant relaxation, consistent In addition to established sources of error in LEED analy-
with prior theoretical results. The new LEED experiment, insis resulting from contaminants, specifically surface hydro-
contrast to prior experimental work that yielded essentially egen, surface roughness has been identified as a possible
bulk (unrelaxedl termination, also obtains a substantial sur-source of error in LEED structure determinationStrain
face relaxation. fields due to lattice defects, including surface steps, decay

A similar calculation by the same grotfyields a surface  over distances of several unit cells. It is possible that defect-
relaxation of—1.4% for RH001) at 300 K, including a sub- driven strains at high-enough density can modify surface re-
stantial correction resulting from vibrational excitations. Ourlaxation. In addition, it is well established that open surfaces
LEED resulté for Rh(001) yielded an outward expansion of exhibit large relaxations compared to close-packed and
+1.0+0.5%. Prior experimental results for R®1 are: quasi-close-packed surfacdsBased on this trend, one
Watsonet al,'® 0.0+3.0%; Oedet al,}” +0.5+1.0%; Be- might expect atoms near step edges at a rough surface to
gley etal,'® —1.2+1.6%; and Princeetal,’® —1.1  exhibit larger relaxations, due to lower coordinations, than
+3.6%. Because of this persistent discrepancy, we have olatoms with ideal coordinations. A LEED experiment aver-
tained a different RI®01) crystal and have repeated our ages over a large region of the surface, so for high-enough
LEED I-V measurements and analysis using the methodolstep density, this could lead to a decrease in the measured
ogy described in this pap€sATLEED code with 13 relativis- value ofd;,. One also worries that errors are introduced into
tic phase shifts The preliminary result for data taken at 350 the analysis when a rough or vicinal surface is analyzed with
K is: Ady,/dy= —1.4+1.4% *° This result is in better agree- a flat surface model. When this is done, the phase shifts
ment with the theoretical result of Cho and Schefffeas  between adjacent terraces are neglected in the dynamical
well as the most recent experimental vali®&¥ It is not yet ~ LEED analysis, and it is not intuitively obvious what effect
clear what accounts for the discrepancy between our newhis has on the structure search results.
results and our previous results. Any difference in data sets One of the purposes of the present study is to characterize
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how surface roughness affects LEED |-V experiments anc

analysis. It is well known that surface roughness produce: )
broadening or splitting of diffracted electron beams, and in- Flat W(110) at 400 K . Zggem
creases diffuse intensity. The present study demonstrates th
surface roughness modifies LEED I-V spectra, leading to iy
slightly different structural parameters. Prior analysis of a (10) beam [\f\ r-factors
model vicinal surface, with step widths smaller than the elec- A i ' ‘x
tron coherence length, has shown that such a step distribt ! | AT \ oy =0.177
tion reduces Bragg peak intensities, and shifts the intensity _ ‘ : \vﬁ \J \J& ’ £ Foxp = 0.107
profiles to higher energi€g. The experimental technology -g ‘
for obtaining LEED I-V data at the high angular resolution 3 i
. . . . by (11) beam {t bt N
required to characterize beam splitting and broadening fron @ 71 ﬂ ; 7 o =0198
a vicinal surface exists. However, LEED codes capable of g i R / U\ J . ,z:L =0.173
analyzing such data efficiently have not yet been developec > SN ‘ '
Therefore, a rigorous analysis of surface step-induced struc ‘a
ture is not feasible at present. Nevertheless, by applying star £ _
dard LEED |-V methodology to a series of surfaces having — | (1) beam
known step density, it is possible to assess empirically the A - 0.001
degree to which surface roughness affects the accuracy ¢ e
LEED structure analyses.
IIl. EXPERIMENTAL PROCEDURES 20) beam :::LJ_’?%

The experimental apparatus used to carry out these me: T : T T : , T

surements has been described in Ref. 2. TH&\Y crystal 100 200 300 400 500 600 700

was spark cut from a tungsten boule after alignment using, Energy (eV)
x-ray Laue techniques. The lens-shaped crystal surface was
prepared by mechanical polishing to have a flat region O(N(

[110] alignment near the Cemer. .Of the .>140.><1-mm beam, which compare varioeperimentabpectra. The.,; are the
sample, and convex surface profilés _a" directions ex- averages of the Pendnyfactors between experimental conjugate
tending to the edges. The _ste_p-densny f_anges_ from a IO\Q{eams within each independent data set. Thgare the averages
value near the sample centéimited by the intrinsic rough- ot the Pendryr factors between independent conjugate-beam-

ness of the sampldo a value of approximately one step/20 ayeraged data sets. Thefactors characterizing theory-experiment

A (5° vicinal) along the[110] surface direction. The mini- comparisons are presented in Table II.

mum step density near the center is too small to be resolved

by the conventional Varian four-grid LEED optig®solving  to the terraces in all cases, although not to the macroscopic
power estimated to be-one step/100 A Away from the flat  surface for vicinal regions.

region, the step density can be accurately measured by analy- Vicinal surface data sets were taken for surfaces with

sis of beam broadening and splitting. steps along thg110] direction. The step density was calcu-

In situ sample preparation consisted of annealing theated directly from the broadening or splitting observed in
sample at 1600 K in oxygen to deplete near-surface carbohe diffracted beams. The incident electron beam at the
followed by repeated cycles of glancing incidence sputteringsample has a finite diameter of about 0.5 mm. This fact,
(5-10 mA/cnf at 2x 10 “torr Ne) and annealing. Any re- coupled with the continuous step gradient that resulted from
sidual oxygen detected after sputtering and annealing wagur sample preparation procedure, means that each of our
removed by flashing the sample to 2300 K for a few seconds.EgD |-V data sets from flat and vicinal W10 surfaces
This procedure resulted in a surface free of contaminants %presentg an effective average over a small range of step
monitored with Auger electron spectroscopy. Electron-densities. The step density increased uniformly with distance
energy loss spectroscogiELS) studies of hydrogen uptake from the flat region near the center. The experiments yielded
at W(110 were carried out initially(similar to those de- no evidence of step bunching or roughening resulting from
scribed in Ref. 2to verify that the LEED experiments would the surface cleaning procedures. Therefore, meaningful and

not be affected by surface hydrogen contamination. accurate average step densities could be inferred from the
LEED I-V data sets were acquired after symmetrizing| EED spot profiles.

conjugate(symmetry-degeneratdoeams in the usual man-
ner: the orientation of the sample was adjusted so that all
conjugate beams had the same intensity. This procedure in-
sures normal incidence of the electron beam. For data taken Figure 1 displays a set of conjugate-beam-averaged
on vicinal regions of the sample, conjugate beams were firdtEED I-V data for “flat” W (110 at 400 K. Based on LEED
symmetrized on the flat region, and then the sample wabeam spot profiles for this region of the surfd@éich we
translated perpendicular to the incident beam to achieve thigdge to be instrument resolution limitethe average step
desired step density. Thus, the beam was at normal incidenckensity is less than one step/100 A. Ttfactors indicated in

FIG. 1. Measured and calculated LEED I-V spectra for flat
110 at 400 K. Twor factors are indicated for each conjugate

IIl. LEED DATA AND ANALYSIS
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, W(110) at 400 K —  flat
Flat W(110 —— this work (400 K) —
a0 Arnold et al. (100 K) -~ 7 atoms/step
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FIG. 3. Comparison of experimental LEED I-V spectra for flat

FIG. 2. Comparison of two independently measured sets ofind stepped W10 at 400 K. Ther factors(Pendry and Zanazzi-
LEED I-V data for W(110). The solid line represents this wo#00 Jona characterize the level of agreement between the two data sets.
K), while the dashed line is taken from the work of Arnatal.
(100 K) (Ref. ). Ther factors(Pendry and Zanazzi-Jonaharac- LEED studies:® The best value for the surface Debye tem-
terize the agreement between the two data sets. perature was found to 8 ps= 300 K. Surface atomic vibra-

tional amplitudes were taken to be isotropic with respect to

the figure for each beam compare experimental conjugatge parallel and perpendicular surface directions. The imagi-
beams, and characterize the consistency of conjugate beamary part of the inner potentiaf,; was fixed at—5.0 eV.
within each conjugate-beam-averaged |-V curve. SuperimThe real part of the inner potenti&l,, was allowed to vary
posed on the experimental |-V curves are the optimized calas part of the structure search for each data set: optimum
culated I-V curves, to be discussed. Théactors character- values ranged from 2.8 to 4.5 eV. Based on the null result
izing theory-experiment comparisons are also discussegbtained by Arnoldet al in searching for evidence of a
later. top-layer registry shift, we restricted our structure search to

In our publisheél LEED study of RIf001), we carried out multilayer relaxation of surface atoms assumed to be in reg-
an exercise to determine the compatibility of data sets Ob'rstry along the[110] (surface normaldirection.
tained by different groups. This can be considered an exten- Figure 3 compares two data sets: one obtained from the
sion of the 1980 international LEED projétf*on CU001)  region of the surface judged to have the lowest step density,
designed to assess the intrinsic accuracy of LEED I-V teChand a second from a region where the LEED spot splitting
nology (at that timg. For RH001), anr factor comparison of indicated a step density corresponding to 7 atoms/step along

data sets found values of,~0.05 (Zanazzi-Jona facton  yhe[170] direction. The intensities displayed for the vicinal

andr,~0.02-0.06 (x-ray r facton. These are very good g face were obtained by integrating the intensities of the
factors, indicating excellent agreement between mdependegb"t beams. Otherwise, data sets from flat and vicinal sur-

data sets measured by different groups. A similar exercisg.e were processed identically. LEED I-V data sets were
was carried out comparing our LEED I-V data forW0)  meagyred and analyzed for four different step densities cor-
with that of Arnold et al.* The results are shown in Fig. 2. responding to average terrace widths of 7, 10, 15, and 20
Quqlitatively, the two data sets appear qu?te pompatib!e, andioms. Table II presents the results of LEED structure analy-
again, lowr factors {z,~0.05,rp~0.25) indicate a high gjs of the flat and vicinal W10) surfaces. The same set of

degree of correlation. optimized nonstructural parameters obtained for the flat sur-

The Barbieri/Van HovesATLEED code;” which inCorpo-  ¢406 analysis was used for analyzing the vicinal surface data.
rates standard-factor analysis, was used to calculate theo-

retical |-V spectra. The calculations used 13 relativistic
phase shifts obtained from the Barbieri/Van Hove phase shift
code?® Thermal corrections were included using a bulk De- Our LEED results for the surface relaxation of(1¥0)
bye temperature for tungstédyz=380K, as used in prior corroborate the recent work of Arnokt al! (see Tables |

IV. DISCUSSION
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TABLE Il. Summary of structure search results for flat and vicindl0) surfaces.

Data set o Adi,/dg (%) Adys/dg (%) Ads,/dg (%) Uncertainty(%)
Flat 0.202 -3.0 +0.2 -1.0 +1.3
Atoms/step

20 0.305 =27 +0.0 -0.5 +2.2

15 0.300 —-2.5 -0.1 -0.7 +2.2

10 0.389 -2.3 -0.3 -0.5 +2.7

7 0.428 -1.9 -0.6 -1.0 +2.7

and Il). The Pendr¥ r factorr was used as the criterion for value ofd,, than the Pendry factor, but the difference is
theory-experiment comparison in our structure searches. Thgnall compared to the error bars based on the variance of
limits of statistical errordiscussed in Ref. 37or the struc- re. It is reasonable that the scatter &fi;,/d, increases as
tural parameters determined using this criterion were estithe cumulative energy range is reduced below about 800 eV.
mated Dby its variance varg)=rminV8Vei/AE. Based on  However, it is interesting that the values df, determined
the minimum values of p, we obtain from our structure from data sets with cumulative energy ranges below 800 eV
search for flat WL110 Ad;y/dy=-3.021.3% and tend to be nearer the bulk value. This trend may contribute to
Adps/do=+0.2+1.3%. the differences in experimentally determined surface struc-
The structural parameters for flat(®20) obtained from  ture parameters apparent from Table I.

our LEED I-V analysis are essentially identical to those ob-  Analysis of vicinal surface LEED |-V data yields a sys-
tained by Armoldet al* (Table )), but differ substantially tematic trend in structural values apparent from Table II.
from those of earlier LEED and photoelectron diffraction Using the same nonstructural parametgisase shifts, De-
studies. One feature of the prior work that sets it apart frOI’Tbye tempera’[ure, real and imaginary parts of the inner poten-
our present LEED study and that of Amadd al, is the size  tjal, etc), and using p to carry out the structure search, the

of the data set analyzed. The present structure analysis \g&lues ofd,, that minimizerp increase monotonically to-
based on LEED I-V spectra from four inequivalent beams to

an energy of 550 eV, corresponding to a data set covering an

0.0- oo Flat W(110) at 400 K

equivalent range of about 1800 eV. The early LEED study 054+ &1
of W(110) is based on experimental |-V curves for inequiva- 1.0
lent beams extending to just above 200 eV, covering a cu- 15
mulative energy range of about 600 eV. The photoelectron _2'0_
diffraction results' were based on an even smaller data set, & 25]d
of the order of 100 eV, except some angular dependent data 3 _3'0_
were also included in the analysis, which probably doubled ¥ _3'5_
the effective data-set size. 3 4' 0.

In order to explore the consequences of analyzing a )
smaller data set on the accuracy of structural results obtained 4.5
from a LEED I-V experiment, and to improve our intuitive -0
understanding of how variousfactors affect structural re- 35 | % S o
sults, we carried out a series of structure searches based on ' gf’% XX % X % )
subsets of the full data set. The Barbieri/Van HewgLEED 0304 ¢« co0co rpandry,
code allows the user to apply any one of tefactors to the » 0.25 Ol %
theory-experiment comparison, or to create a hybrfdctor 8 [+ §§+++ﬁ+++++%++++++++**++»H+Mﬁ o
by giving arbitrary weighting factors to the individuafac- 8 0.203* "t o, T

tors. We ran three sets of structure searches usirandr z; 0.15 e
independently, andp andr,; in combination(with equal

weighting factors The results are presented in Fig. 4. The 0.10

upper panel shows the variation afd;,/d, obtained from 0.05

each of the three factors applied to data sets that are de- T T T T T T T T
creased in 5 eV increments from a full 860 eV energy 200 400 600 800 1000 1200 1400 1600

cutoff, corresponding to an energy range~af800 e\j to an Cumulative Energy Range (V)

e”eng cutoff Of_ 100 eV. The lower panel plots the corre- FIG. 4. The results of structure searches carried out on LEED
sponding evolution of the factors. Error bars odd;,/do |y gata from flat W110) at 400 K using the Barbieri/Van Hove
obtained from the Pendny factor are shown for a few rep-  sarieep code. Subsets of the data were analyzed by varying the
resentative values of energy cutoff. energy cutoff from 100 to 550 eV. The upper panel shows the
The trends apparent from data presented in Fig. 4 argssults ford,, vs cumulative energy rangsummed over all in-
reasonable. The value &fd,,/d, obtained from each of the equivalent beamswhile the lower panel displays the evolution of
r factors converges and the value of eadlactor decreases ther factors(Pendry, Zanazzi-Jona, and an equal weighting of the
as the energy cutoffsize of the data sgis increased. The two). The error bars in the upper panel are based on the variance of
Zannazi-Jona factor consistently produces a slightly larger the Pendryr factors.
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ward the bulk value as the step density increases. The sensiEED pattern to a sensitivity approaching the resolving limit
tivity of structural parameters to step density is not extremelyof the system. Based on the results presented in Table II,
high. The estimated accuracy of the valuedgj for the flat  extrapolation of the errors id;, caused by steps suggests
surface isd;,=2.169+0.02 A. The variation ofd,, ob-  that these errors are negligible for a surface judged as “flat”
tained from analysis of a flat and a 20 atom-per-terracdased on an excellent quality LEED pattern from a good
sample is @, vicinal—d,, flat)=2.175 A-2.169 A=0.006 = commercial LEED instrument.
A, over a factor of three smaller than the intrinsic accuracy
of the structure determination methodology based on the V. CONCLUSIONS
variance inrp.

We note that the apparent increasedip resulting from
the analysis of a vicinal surface does not necessarily impl

The multilayer relaxation of \410) determined by our
LEED I-V analysis is in very good agreement with the most
a¥§cent DFT calculations, and with a recent independent

YEED analysis. The flat, hydrogen-free(¥L0) surface ex-

ation. The apparent increase ih, is more legitimately hibits a first-layer relaxation akdq,/dy= —3.0=1.3%, and

viewed as an error produced by the methodology when a slight second-layer outward relaxation ®fl,s/dg= + 0.2

inappropriateflat surfacé model is applied to a surface hav- +1.3%. This result, a rather large contraction for a quasi-
ing roughness. While it is certainly possible that steps induce, ="~ "' :

significant changes in surface structure, it is not feasible Witﬁ:lose—packed transition-metal surface, lends support to the

i promotion-hybridization picture of surface relaxation put
present computational resources to carry out LEED calcul forth by Eeibelmart
tions for the large unit cells necessary to describe vicina Surféce roughnéss has been suggested as a possible un-
surfaces. Furthermore, baseq on the charge-smoothing .arg(l:férlying cause of the systematic discrepancies between sur-
ments that apparently explain the trend of large relaxatlon§a

ce structure determined separately framinitio calcula-
for more open surfaces, one would expect surface roughnefﬁs

to lead to a decrease in the average valud,ef rather than ons and from LEED I-V measurements. We have applied
an increase 9 9 the standard flat surface LEED I-V methodology to vicinal

We emphasize that we have applied a flat surface Strch(llO) surfaces with uniform step densities. This analysis

tural model (in the SATLEED codes to surfaces known to permits an empirical assessment of the sensitivity of LEED

have steps. Therefore, it would be inappropriate to attempt tstructure determinations to surface roughness, or to vicinali-

extract meaningful information about step-induced structura) ©> “?S”'“r?g .from a m|sal|gned. crystal. The opserved Sys-
ematic variation ofl;, as a function of step density permits

changes from our analysis of vicinal surfaces. The Importanextrapolation of the surface-roughness-induced error to the

pomt_ls t_hat the proced_ure used here permits accurate Charroughne:ss limit detectable by a standard commercial LEED
acterization of the loss in accuracy that results from analyz- . LS
) ) . 2 “Instrument. This extrapolation indicates that surface step
ing experimental data from a rough or vicinal surface with a . R .

ensity or roughness at this linjfgpproximately one step per

flat surface model. The procedure we have employed is n . .
L ) 0 A or less introduces errors in the measured structure that
capable of distinguishing between real step-induced struc- S : .
: are negligible in comparison to other sources of inaccuracy
tural changes and errors that result from applying a flat sur:

- associated with the methodology.
face model to vicinal surface data.

Typical commercial display LEED systems have instru-
mental transfer widths of 100-150 A, and are easily capable
of distinguishing between a “flat” sample and one with  G. Teeter and J. L. Erskine acknowledge support by the
steps(or comparable surface island strucfutaving 20 or R. A. Welch Foundation and by NSF/DMR Grant No.
fewer atoms per step. With a good “flat” reference crystal,9623494. F. Shi and M. A. Van Hove acknowledge support
Si(100 2% 1 for example, which yields spot profiles that by the Director, Office of Basic Energy Sciences, Materials
characterize the instrumental response, a semiquantitative eSeiences Division of the U.S. Department of Energy, under
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