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Surface roughness and LEED crystallography: Analysis of flat and vicinal W„110…
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Low-energy electron diffraction intensity vs voltage~LEED I-V! measurements and analysis are used to
determine the multilayer surface relaxation of W~110!. 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 W~110! exhibits first-(d12) and second-(d23) layer relaxations of23.061.3% and
10.261.3%, respectively, relative to the bulk lattice spacingd052.237 Å. This experimentally determined
surface relaxation of W~110! 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 roughness~in the present case, uniform atomic height steps! is found to produce a
small apparent increase in the measured value ofd12 when determined using standard~flat surface! LEED I-V
methodology. However, for low step densities~,20 atoms/step! the apparent change ind12 is small compared
to other sources of error, so it is unlikely that surface roughness is a significant source of error in LEED
structure determinations.@S0163-1829~99!00327-6#
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I. INTRODUCTION

Recent interest in the structure of surfaces1,2 has focused,
in part, on what appear to be systematic discrepancies3 be-
tween first-principles calculations and experimental deter
nations of the first-layer relaxation at selected crystal face
reactive transition metals: Ti~0001!, Zr~0001!, Ru~0001!,
Mo~110!, W~110!, and Rh~001!. The magnitude of the dis
crepancies, based on available experimental results, ge
ally exceeds the accepted accuracy of both the experime
techniques and the theoretical calculations.3 Specifically, the
calculations systematically predict top-layer relaxations
these surfaces that are a factor of 2-5 larger than avail
experimental values. It is not clear whether these disag
ments are a consequence of errors in experimental or t
retical methodology, or both. Large variations ofd12 are ap-
parent when comparing separately the experimental
theoretical values for a given surface@refer to Table I for
W~110! and the corresponding Table I in Ref. 2 fo
Rh~001!#. However, in spite of the scatter in theoretical a
experimental results considered separately, the system
discrepancies, noted and discussed by Feibelman,3 appear to
be real based on the presently available experimental
theoretical work.

Resolving the origin of these discrepancies between m
sured and calculated surface relaxations is important for
eral reasons. According to conventional wisdom, this clas
surface structure problem has been solved: in many c
where low-energy electron diffraction~LEED! analysis has
yielded surface structural parameters with good confide
levels~r factors!, first-principles local-density-approximatio
PRB 600163-1829/99/60~3!/1975~7!/$15.00
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calculations produce relaxations in excellent agreement.
would certainly like to know if the apparent discrepancies
reactive transition metals can be traced to surface conta
nation ~hydrogen, specifically! or defects such as surfac

TABLE I. First- and second-layer surface relaxation of W~110!.
Quoted values are in percent of bulk interlayer spacingd0

52.237 Å.

Dd12/d0 ~%! Dd23/d0 ~%!

Experiment
Buchholz and Lagallya 0.063
Van Hove and Tongb 0.0
Smith et al.c ,2
Kim et al.d 0.061.0
Arnold et al.e 23.160.6 0.060.9
Present work 23.061.3 10.261.3

Theory
Luo and Legrandf 21.4 20.4
Rodriguezet al.g 22.1 10.7
Xu and Adamsh 25.0 14.6
Arnold et al.e 23.6 10.2

aLEED Ref. 8.
bLEED Ref. 9.
cHigh energy ion scattering, Ref. 10.
dPhotoelectron diffraction, Ref. 11.
eLEED and nine-layer DFT calculation, Ref. 1.
fTight binding approximation, Ref. 12.
gReference 13.
hTight binding approximation, Ref. 14.
1975 ©1999 The American Physical Society
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roughness. Resolving the discrepancies may also hel
clarify our understanding of the basic mechanism respons
for relaxation at metal surfaces. Consistently small contr
tions ~as currently observed experimentally for the subj
metals! tend to support the ‘‘charge smoothing’’ picture
Finnis and Heine,4 in which electrons above surface atom
tend to fill the spaces between them. This redistribution
charge at the surface~Smoluchowski charge smoothing5!
leads to the electrostatic interactions that induce surface
laxation. Large relaxations for close-packed or quasi-clo
packed surfaces, such as those predicted by recent L
calculations,6,7 favor the ‘‘promotion-hybridization’’ picture
put forth by Feibelman.6 In this interpretation of surface re
laxation, the correlation between dimer bond lengths and
face relaxations is noted, which leads to chemical argum
that may explain trends in surface relaxation. General tre
in surface relaxation may indicate whether surface relaxa
is dominated by lowering of the valence electron kinetic e
ergy at a surface, or by the rehybridization of surface che
cal bonds.

A survey of the literature representing experimental str
ture studies of the subject metal surfaces reveals that man
the experiments based on low-energy electron diffraction
tensity vs voltage~LEED I-V! were carried out over ten
years ago. Examination of Table I covering structural d
for W~110! illustrates the trend in experimentally1,8–11 and
theoretically1,12–14 determined values ofd12: early LEED
experiments and our own recent photoelectron diffract
analysis of W~110! concluded that the surface layer term
nates in essentially an ideal bulk crystal geome
(Dd12/d0;0%). Early theoretical work obtained values fo
Dd12/d0 ranging from21.4% to25%. The range of theo
retically determined values ofd12, and the trend in differ-
ences between theoretical and experimental values illustr
in Table I, is typical of the other subject metal surfaces. T
recent work of Arnoldet al.1 ~refer to Table I, this work!, in
which state-of-the-art density-functional-theory~DFT! calcu-
lations are compared with new LEED results, appears
have resolved the dilemma for the W~110! surface. The new
calculation again predicts a significant relaxation, consis
with prior theoretical results. The new LEED experiment,
contrast to prior experimental work that yielded essentiall
bulk ~unrelaxed! termination, also obtains a substantial su
face relaxation.

A similar calculation by the same group15 yields a surface
relaxation of21.4% for Rh~001! at 300 K, including a sub-
stantial correction resulting from vibrational excitations. O
LEED results2 for Rh~001! yielded an outward expansion o
11.060.5%. Prior experimental results for Rh~001! are:
Watsonet al.,16 0.063.0%; Oedet al.,17 10.561.0%; Be-
gley et al.,18 21.261.6%; and Prince et al.,19 21.1
63.6%. Because of this persistent discrepancy, we have
tained a different Rh~001! crystal and have repeated o
LEED I-V measurements and analysis using the metho
ogy described in this paper~SATLEED code with 13 relativis-
tic phase shifts!. The preliminary result for data taken at 35
K is: Dd12/d0521.461.4%.20 This result is in better agree
ment with the theoretical result of Cho and Scheffler,15 as
well as the most recent experimental values.18,19 It is not yet
clear what accounts for the discrepancy between our
results and our previous results. Any difference in data s
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and analysis appear to be very subtle; additional effor
being directed toward resolving this difference.

The present paper continues to explore the surface re
ations of the reactive transition metal surfaces identified
Feibelman. In our previous LEED study of Rh~001!, we ex-
plicitly addressed the ‘‘hydrogen contamination’’ issue
relation to surface relaxation measurements. In addition,
obtained exactly the same surface structural parameter
analyzing several LEED I-V data sets using different LEE
structure search codes andr factors. In the present LEED
study of W~110!, our objective was to obtain independe
values ofd12 andd23, in an attempt to determine which o
the various existing experimental results for W~110! is valid.
The present study also addresses relevant issues that p
to the accuracy of a LEED surface structure determinati
Specifically, special attention is given to residual hydrog
contamination, issues associated with surface roughness
the energy range of the data set.

Our LEED study ofp(131) H on Rh(001)2—as well as
the corresponding study by Arnoldet al.1 of p(131) H on
W~110!—demonstrates that surface hydrogen substanti
alters the multilayer relaxation of a metal surface. T
change ind12 induced by a full monolayer coverage can
used to estimate errors resulting from the low coverages
residual hydrogen or other surface contamination that ine
tably form during LEED I-V measurements. Based on exp
rience gained during our study ofp(131) H on Rh(001)2,
on our electron-energy loss spectroscopy~EELS! studies of
hydrogen uptake on W~110!, and on the experimental cond
tions maintained during LEED I-V data acquisition fo
W~110!, discussed later, we judge that errors ind12 resulting
from hydrogen or other impurity atoms are negligible in t
present study. Arnoldet al.1 carried out extensive LEED I-V
analysis ofp(131) H on W~110! in conjunction with their
analysis of the clean surface. The excellent agreement~dis-
cussed later! between LEED I-V spectra and structural r
sults obtained in the present work with that of Arnoldet al.
is another indication that hydrogen or other surface conta
nation has not affected the structural results.

In addition to established sources of error in LEED ana
sis resulting from contaminants, specifically surface hyd
gen, surface roughness has been identified as a pos
source of error in LEED structure determinations.3 Strain
fields due to lattice defects, including surface steps, de
over distances of several unit cells. It is possible that defe
driven strains at high-enough density can modify surface
laxation. In addition, it is well established that open surfac
exhibit large relaxations compared to close-packed
quasi-close-packed surfaces.21 Based on this trend, one
might expect atoms near step edges at a rough surfac
exhibit larger relaxations, due to lower coordinations, th
atoms with ideal coordinations. A LEED experiment ave
ages over a large region of the surface, so for high-eno
step density, this could lead to a decrease in the meas
value ofd12. One also worries that errors are introduced in
the analysis when a rough or vicinal surface is analyzed w
a flat surface model. When this is done, the phase sh
between adjacent terraces are neglected in the dynam
LEED analysis, and it is not intuitively obvious what effe
this has on the structure search results.

One of the purposes of the present study is to characte



n
ce
in
t
t

f
ec
rib
si
y
n

ro
o
e

ru
ta
in
th
y

e

in
w
o

lo

0

lv

na

th
o

in

w
d

s
n

e

d

ng
-
t a
e
k

fir
wa
t

en

opic

ith
-
in
the
ct,
om
our

step
nce
ded
om
and
the

ged

at
te

te

m-
nt

PRB 60 1977SURFACE ROUGHNESS AND LEED . . .
how surface roughness affects LEED I-V experiments a
analysis. It is well known that surface roughness produ
broadening or splitting of diffracted electron beams, and
creases diffuse intensity. The present study demonstrates
surface roughness modifies LEED I-V spectra, leading
slightly different structural parameters. Prior analysis o
model vicinal surface, with step widths smaller than the el
tron coherence length, has shown that such a step dist
tion reduces Bragg peak intensities, and shifts the inten
profiles to higher energies.22 The experimental technolog
for obtaining LEED I-V data at the high angular resolutio
required to characterize beam splitting and broadening f
a vicinal surface exists. However, LEED codes capable
analyzing such data efficiently have not yet been develop
Therefore, a rigorous analysis of surface step-induced st
ture is not feasible at present. Nevertheless, by applying s
dard LEED I-V methodology to a series of surfaces hav
known step density, it is possible to assess empirically
degree to which surface roughness affects the accurac
LEED structure analyses.

II. EXPERIMENTAL PROCEDURES

The experimental apparatus used to carry out these m
surements has been described in Ref. 2. The W~110! crystal
was spark cut from a tungsten boule after alignment us
x-ray Laue techniques. The lens-shaped crystal surface
prepared by mechanical polishing to have a flat region
@110# alignment near the center of the 1431031-mm
sample, and convex surface profiles~in all directions! ex-
tending to the edges. The step-density ranges from a
value near the sample center~limited by the intrinsic rough-
ness of the sample! to a value of approximately one step/2
Å ~5° vicinal! along the@11̄0# surface direction. The mini-
mum step density near the center is too small to be reso
by the conventional Varian four-grid LEED optics~resolving
power estimated to be;one step/100 Å!. Away from the flat
region, the step density can be accurately measured by a
sis of beam broadening and splitting.

In situ sample preparation consisted of annealing
sample at 1600 K in oxygen to deplete near-surface carb
followed by repeated cycles of glancing incidence sputter
~5–10 mA/cm2 at 231024 torr Ne! and annealing. Any re-
sidual oxygen detected after sputtering and annealing
removed by flashing the sample to 2300 K for a few secon
This procedure resulted in a surface free of contaminant
monitored with Auger electron spectroscopy. Electro
energy loss spectroscopy~EELS! studies of hydrogen uptak
at W~110! were carried out initially~similar to those de-
scribed in Ref. 2! to verify that the LEED experiments woul
not be affected by surface hydrogen contamination.

LEED I-V data sets were acquired after symmetrizi
conjugate~symmetry-degenerate! beams in the usual man
ner: the orientation of the sample was adjusted so tha
conjugate beams had the same intensity. This procedur
sures normal incidence of the electron beam. For data ta
on vicinal regions of the sample, conjugate beams were
symmetrized on the flat region, and then the sample
translated perpendicular to the incident beam to achieve
desired step density. Thus, the beam was at normal incid
d
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to the terraces in all cases, although not to the macrosc
surface for vicinal regions.

Vicinal surface data sets were taken for surfaces w
steps along the@11̄0# direction. The step density was calcu
lated directly from the broadening or splitting observed
the diffracted beams. The incident electron beam at
sample has a finite diameter of about 0.5 mm. This fa
coupled with the continuous step gradient that resulted fr
our sample preparation procedure, means that each of
LEED I-V data sets from flat and vicinal W~110! surfaces
represents an effective average over a small range of
densities. The step density increased uniformly with dista
from the flat region near the center. The experiments yiel
no evidence of step bunching or roughening resulting fr
the surface cleaning procedures. Therefore, meaningful
accurate average step densities could be inferred from
LEED spot profiles.

III. LEED DATA AND ANALYSIS

Figure 1 displays a set of conjugate-beam-avera
LEED I-V data for ‘‘flat’’ W ~110! at 400 K. Based on LEED
beam spot profiles for this region of the surface~which we
judge to be instrument resolution limited! the average step
density is less than one step/100 Å. Ther factors indicated in

FIG. 1. Measured and calculated LEED I-V spectra for fl
W~110! at 400 K. Twor factors are indicated for each conjuga
beam, which compare variousexperimentalspectra. Ther cn j are the
averages of the Pendryr factors between experimental conjuga
beams within each independent data set. Ther exp are the averages
of the Pendry r factors between independent conjugate-bea
averaged data sets. Ther factors characterizing theory-experime
comparisons are presented in Table II.
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1978 PRB 60G. TEETER, J. L. ERSKINE, F. SHI, AND M. A. VAN HOVE
the figure for each beam compare experimental conjug
beams, and characterize the consistency of conjugate be
within each conjugate-beam-averaged I-V curve. Superim
posed on the experimental I-V curves are the optimized c
culated I-V curves, to be discussed. Ther factors character-
izing theory-experiment comparisons are also discuss
later.

In our published2 LEED study of Rh~001!, we carried out
an exercise to determine the compatibility of data sets o
tained by different groups. This can be considered an exte
sion of the 1980 international LEED project23,24 on Cu~001!
designed to assess the intrinsic accuracy of LEED I-V tec
nology ~at that time!. For Rh~001!, anr factor comparison of
data sets found values ofr ZJ;0.05 ~Zanazzi-Jonar factor!
and r x;0.0220.06 ~x-ray r factor!. These are very goodr
factors, indicating excellent agreement between independ
data sets measured by different groups. A similar exerc
was carried out comparing our LEED I-V data for W~110!
with that of Arnold et al.1 The results are shown in Fig. 2.
Qualitatively, the two data sets appear quite compatible, a
again, low-r factors (r ZJ;0.05, r P;0.25) indicate a high
degree of correlation.

The Barbieri/Van HoveSATLEED code,25 which incorpo-
rates standardr-factor analysis, was used to calculate theo
retical I-V spectra. The calculations used 13 relativist
phase shifts obtained from the Barbieri/Van Hove phase sh
code.26 Thermal corrections were included using a bulk De
bye temperature for tungstenQDB5380 K, as used in prior

FIG. 2. Comparison of two independently measured sets
LEED I-V data for W~110!. The solid line represents this work~400
K!, while the dashed line is taken from the work of Arnoldet al.
~100 K! ~Ref. 1!. The r factors~Pendry and Zanazzi-Jona! charac-
terize the agreement between the two data sets.
te
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LEED studies.1,9 The best value for the surface Debye tem
perature was found to beQDS5300 K. Surface atomic vibra-
tional amplitudes were taken to be isotropic with respect
the parallel and perpendicular surface directions. The ima
nary part of the inner potentialVoi was fixed at25.0 eV.
The real part of the inner potentialVor was allowed to vary
as part of the structure search for each data set: optim
values ranged from 2.8 to 4.5 eV. Based on the null res
obtained by Arnoldet al.1 in searching for evidence of a
top-layer registry shift, we restricted our structure search
multilayer relaxation of surface atoms assumed to be in r
istry along the@110# ~surface normal! direction.

Figure 3 compares two data sets: one obtained from
region of the surface judged to have the lowest step den
and a second from a region where the LEED spot splitt
indicated a step density corresponding to 7 atoms/step a
the @11̄0# direction. The intensities displayed for the vicin
surface were obtained by integrating the intensities of
split beams. Otherwise, data sets from flat and vicinal s
faces were processed identically. LEED I-V data sets w
measured and analyzed for four different step densities
responding to average terrace widths of 7, 10, 15, and
atoms. Table II presents the results of LEED structure an
sis of the flat and vicinal W~110! surfaces. The same set o
optimized nonstructural parameters obtained for the flat s
face analysis was used for analyzing the vicinal surface d

IV. DISCUSSION

Our LEED results for the surface relaxation of W~110!
corroborate the recent work of Arnoldet al.1 ~see Tables I

f
FIG. 3. Comparison of experimental LEED I-V spectra for fl

and stepped W~110! at 400 K. Ther factors~Pendry and Zanazzi-
Jona! characterize the level of agreement between the two data



PRB 60 1979SURFACE ROUGHNESS AND LEED . . .
TABLE II. Summary of structure search results for flat and vicinal W~110! surfaces.

Data set r p Dd12/d0 ~%! Dd23/d0 ~%! Dd34/d0 ~%! Uncertainty~%!

Flat 0.202 23.0 10.2 21.0 61.3
Atoms/step
20 0.305 22.7 10.0 20.5 62.2
15 0.300 22.5 20.1 20.7 62.2
10 0.389 22.3 20.3 20.5 62.7
7 0.428 21.9 20.6 21.0 62.7
r
T

s

b

n
om

is
t

g
dy
a-
c
ro
e

da
le

in
e
-
d

he

e

re

-

a

er

e of

eV.

eV
e to
uc-

s-
II.

ten-
e

-

ED

the
the

f
the
e of
and II!. The Pendry27 r factorr P was used as the criterion fo
theory-experiment comparison in our structure searches.
limits of statistical error~discussed in Ref. 27! for the struc-
tural parameters determined using this criterion were e
mated by its variance var(r P)5r minA8Voi /DE. Based on
the minimum values ofr P , we obtain from our structure
search for flat W~110! Dd12/d0523.061.3% and
Dd23/d0510.261.3%.

The structural parameters for flat W~110! obtained from
our LEED I-V analysis are essentially identical to those o
tained by Arnoldet al.1 ~Table I!, but differ substantially
from those of earlier LEED and photoelectron diffractio
studies. One feature of the prior work that sets it apart fr
our present LEED study and that of Arnoldet al., is the size
of the data set analyzed. The present structure analys
based on LEED I-V spectra from four inequivalent beams
an energy of 550 eV, corresponding to a data set coverin
equivalent range of about 1800 eV. The early LEED stu9

of W~110! is based on experimental I-V curves for inequiv
lent beams extending to just above 200 eV, covering a
mulative energy range of about 600 eV. The photoelect
diffraction results11 were based on an even smaller data s
of the order of 100 eV, except some angular dependent
were also included in the analysis, which probably doub
the effective data-set size.

In order to explore the consequences of analyzing
smaller data set on the accuracy of structural results obta
from a LEED I-V experiment, and to improve our intuitiv
understanding of how variousr factors affect structural re
sults, we carried out a series of structure searches base
subsets of the full data set. The Barbieri/Van HoveSATLEED

code allows the user to apply any one of tenr factors to the
theory-experiment comparison, or to create a hybridr factor
by giving arbitrary weighting factors to the individualr fac-
tors. We ran three sets of structure searches usingr P andr ZJ
independently, andr P and r ZJ in combination~with equal
weighting factors!. The results are presented in Fig. 4. T
upper panel shows the variation ofDd12/d0 obtained from
each of the threer factors applied to data sets that are d
creased in 5 eV increments from a full set~550 eV energy
cutoff, corresponding to an energy range of;1800 eV! to an
energy cutoff of 100 eV. The lower panel plots the cor
sponding evolution of ther factors. Error bars onDd12/d0
obtained from the Pendryr factor are shown for a few rep
resentative values of energy cutoff.

The trends apparent from data presented in Fig. 4
reasonable. The value ofDd12/d0 obtained from each of the
r factors converges and the value of eachr factor decreases
as the energy cutoff~size of the data set! is increased. The
Zannazi-Jonar factor consistently produces a slightly larg
he
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value of d12 than the Pendryr factor, but the difference is
small compared to the error bars based on the varianc
r P . It is reasonable that the scatter ofDd12/d0 increases as
the cumulative energy range is reduced below about 800
However, it is interesting that the values ofd12 determined
from data sets with cumulative energy ranges below 800
tend to be nearer the bulk value. This trend may contribut
the differences in experimentally determined surface str
ture parameters apparent from Table I.

Analysis of vicinal surface LEED I-V data yields a sy
tematic trend in structural values apparent from Table
Using the same nonstructural parameters~phase shifts, De-
bye temperature, real and imaginary parts of the inner po
tial, etc.!, and usingr P to carry out the structure search, th
values ofd12 that minimize r P increase monotonically to

FIG. 4. The results of structure searches carried out on LE
I-V data from flat W~110! at 400 K using the Barbieri/Van Hove
SATLEED code. Subsets of the data were analyzed by varying
energy cutoff from 100 to 550 eV. The upper panel shows
results ford12 vs cumulative energy range~summed over all in-
equivalent beams!, while the lower panel displays the evolution o
the r factors~Pendry, Zanazzi-Jona, and an equal weighting of
two!. The error bars in the upper panel are based on the varianc
the Pendryr factors.
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1980 PRB 60G. TEETER, J. L. ERSKINE, F. SHI, AND M. A. VAN HOVE
ward the bulk value as the step density increases. The s
tivity of structural parameters to step density is not extrem
high. The estimated accuracy of the value ofd12 for the flat
surface isd1252.16960.02 Å. The variation ofd12 ob-
tained from analysis of a flat and a 20 atom-per-terr
sample is (d12 vicinal2d12 flat!52.175 Å22.169 Å50.006
Å, over a factor of three smaller than the intrinsic accura
of the structure determination methodology based on
variance inr P .

We note that the apparent increase ind12 resulting from
the analysis of a vicinal surface does not necessarily im
that the steps actually induce a change in the surface re
ation. The apparent increase ind12 is more legitimately
viewed as an error produced by the methodology when
inappropriate~flat surface! model is applied to a surface hav
ing roughness. While it is certainly possible that steps ind
significant changes in surface structure, it is not feasible w
present computational resources to carry out LEED calc
tions for the large unit cells necessary to describe vici
surfaces. Furthermore, based on the charge-smoothing a
ments that apparently explain the trend of large relaxati
for more open surfaces, one would expect surface rough
to lead to a decrease in the average value ofd12, rather than
an increase.

We emphasize that we have applied a flat surface st
tural model ~in the SATLEED codes! to surfaces known to
have steps. Therefore, it would be inappropriate to attemp
extract meaningful information about step-induced structu
changes from our analysis of vicinal surfaces. The import
point is that the procedure used here permits accurate c
acterization of the loss in accuracy that results from ana
ing experimental data from a rough or vicinal surface with
flat surface model. The procedure we have employed is
capable of distinguishing between real step-induced st
tural changes and errors that result from applying a flat s
face model to vicinal surface data.

Typical commercial display LEED systems have inst
mental transfer widths of 100–150 Å, and are easily capa
of distinguishing between a ‘‘flat’’ sample and one wi
steps~or comparable surface island structure! having 20 or
fewer atoms per step. With a good ‘‘flat’’ reference cryst
Si~100! 231 for example, which yields spot profiles th
characterize the instrumental response, a semiquantitativ
timate of the surface quality is directly apparent from t
.
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LEED pattern to a sensitivity approaching the resolving lim
of the system. Based on the results presented in Table
extrapolation of the errors ind12 caused by steps sugges
that these errors are negligible for a surface judged as ‘‘fl
based on an excellent quality LEED pattern from a go
commercial LEED instrument.

V. CONCLUSIONS

The multilayer relaxation of W~110! determined by our
LEED I-V analysis is in very good agreement with the mo
recent DFT calculations, and with a recent independ
LEED analysis. The flat, hydrogen-free W~110! surface ex-
hibits a first-layer relaxation ofDd12/d0523.061.3%, and
a slight second-layer outward relaxation ofDd23/d0510.2
61.3%. This result, a rather large contraction for a qua
close-packed transition-metal surface, lends support to
promotion-hybridization picture of surface relaxation p
forth by Feibelman.6

Surface roughness has been suggested as a possibl
derlying cause of the systematic discrepancies between
face structure determined separately fromab initio calcula-
tions and from LEED I-V measurements. We have appl
the standard flat surface LEED I-V methodology to vicin
W~110! surfaces with uniform step densities. This analy
permits an empirical assessment of the sensitivity of LE
structure determinations to surface roughness, or to vicin
ties resulting from a misaligned crystal. The observed s
tematic variation ofd12 as a function of step density permi
extrapolation of the surface-roughness-induced error to
roughness limit detectable by a standard commercial LE
instrument. This extrapolation indicates that surface s
density or roughness at this limit~approximately one step pe
50 Å or less! introduces errors in the measured structure t
are negligible in comparison to other sources of inaccur
associated with the methodology.
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