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Structure of stepped surfaces: Cû320‰

Y. Tian, J. Quinn, K.-W. Lin, and F. Jona
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~Received 20 September 1999!

After a brief discussion of the problems involved in the determination of the structure of stepped surfaces,
we report the results of a quantitative low-energy electron diffraction~QLEED! analysis of a Cu$320% surface.
This surface features$110% terraces with three atom rows, separated by steps whose normal lies in the^001&
direction. The distance between successive$320% layers in the bulk is 0.501 Å—one of the shortest interlayer
distances studied to date. The analysis was done with theCHANGE computer program on a desktop computer.
Calling Ddi j the change in the distance between layersi and j, we found the following multilayer sequence:
Dd125(22466)%, Dd235(216612)%, andDd345(11066)%. Theproblems involved in the collection
of experimental data and in the QLEED analysis of stepped surfaces are discussed.
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I. INTRODUCTION

Atomic steps play important roles onreal crystal surfaces,
even on those that are usually labeled flat or low index. T
is because atoms at step edges can be dislodged more
than other surface atoms and also serve as nucleation ce
thus affecting morphology, energetics, and reactivity of s
faces. Catalysis, crystal growth, oxidation, corrosion are
phenomena that are affected by surface steps.

For many of these reasons, much attention has been a
being devoted to the study of steps and their effects o
variety of surface properties, e.g., roughening, melting,
brations, multilayer relaxations, etc. Most of these studies
theoretical, with relatively few experimental confirmations

The most convenient object to consider for experimen
studies of steps is a so-called stepped surface. A step
surface is obtained by cutting a low-Miller-index surfa
~such as$001%, $110%, or $111%! at a small angle to the surfac
normal. The result is a surface with a periodic sequence
monatomic or diatomic steps separated by low-Miller-ind
terraces, the width of the latter being larger, the smaller
angle of cut. The atoms at the upper step edges lie mostl
a high-Miller-index plane, which is the first layer of the in
clined high-index surface. The atomic planes parallel to t
surface are separated by distances that are smaller,
smaller the angle of cut.

High-index surfaces generally exhibit large multilayer r
laxations, proportionally much larger than their low-ind
counterparts. Study of this multilayer relaxation reveals
relative positions of the step-edge atoms and all atoms in
terraces. For this reason, most investigations of stepped
faces focus on determining and understanding th
multilayer relaxations.

The literature in this field is rich: we mention here on
some of the most recent works.1–5 The majority of the stud-
ies concern stepped surfaces of face-centered-cubic me
particularly Al and Cu, and predominantly surfaces of t
type $11(2n11)%, n51,2,3, . . . .1–4 On these surfaces
each terrace containsn11 rows of atoms, corresponding t
as many layers, and the firstn layers are predicted to exhib
inward relaxations ~i.e., contractions!, while the final n
11st layer hasoutward relaxation ~expansion!. This se-
PRB 610163-1829/2000/61~7!/4904~6!/$15.00
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quence is periodic, with period equal to the number of at
rows in each terrace. Hence, denoting a contraction by th2
sign and an expansion by a1 sign, the sequence, e.g., fo
fcc$113% is ~2 1 ¯!, for fcc $115% is ~2 2 1 ¯!, for fcc
$117% is ~2 2 2 1 ¯!, etc. On most of these surface
parallel relaxations of the top layers are also predicted.

Only in very few cases have these theoretical predicti
been confirmed by experiments, because experimental s
ies of multilayer relaxations on stepped surfaces are ra
rare. The reason is that most such surfaces have small i
layer spacings, small meaning less than 1 Å. The most s
cessful experimental technique for the determination
multilayer relaxations of crystal surfaces is quantitative lo
energy electron diffraction~QLEED!, but this technique en-
counters problems when the bulk interlayer spacing beco
significantly smaller than 1 Å as weexplain presently.

Most of the computer programs used in QLEED analy
use a plane-wave expansion to represent the wave func
between atomic layers. The diffracted beams in QLEED
special plane waves that have constant energy, and hi
members of the plane-wave~beam! expansion exhibit in-
creasing attenuation in the direction perpendicular to the
face. When the distance between atomic layers beco
small, more beams should be included in the expans
However, in practice the beam expansion is limited to a fin
number of beams—a result of computational limitation
When the bulk interlayer spacing (dbulk) becomes substan
tially smaller than 1 Å, this limit is exceeded, and the calc
lation fails to converge. Hence, most computer progra
cannot be used to analyze surfaces withdbulk!1 Å.

Presently, there are only two solutions to this proble
One is to use the so-called ‘‘giant matrix’’ method@28#,
which consists of replacing the semi-infinite crystal with
giant slab containing a sufficiently large number of ato
layers to reflect or absorb all incident electrons, and cal
lating the scattering within this slab in the spherical-wa
representation~with great demand on computer storage a
time!. The other solution is to use the programCHANGE that
was written by Jepsen6 in the late 1960s, which we have use
ever since. This program allows the user to bunch toge
two or more atomic layers, not only in the surface regi
~like other programs!, but also throughout the bulk of th
4904 ©2000 The American Physical Society
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PRB 61 4905STRUCTURE OF STEPPED SURFACES: Cu$320%
crystal, into composite layers, or ‘‘slabs,’’ within which th
multiple scattering is calculated in the angular moment
representation. Such a calculation has the disadvantage t
may scale in time approximately with the cube of the num
of layers in the slab, since scattering between all pairs
atoms in the unit cell must be considered, but has the ad
tage that it allows very small interlayer distances, becaus
increases the regions in which the scattering is treated
spherical waves and decreases the regions in which the
tering is treated with plane waves.

To date, 13 surfaces with bulk interlayer spacings sma
than 1 Å have been studied with QLEED: we list them
Table I in order of decreasingdbulk . The smallestdbulk in this
list is that of Ag$410%, but the analysis of that surface
somewhat uncertain, since it was based on a limited and
old database.18

The present paper is concerned with a QLEED analysi
a Cu$320% surface, for which dbulk50.501 Å, with the
CHANGE computer program. The compact step notation19 for
this surface is 3~110!~100!, which tells that the surface fea
tures$110% terraces with three atom rows, separated by st
with normal in the^100& direction. If the rule requiring the
periodicity of the oscillatory relaxation to be equal to t
number of atoms in each terrace were valid for this surfa
we would expect the sequence to be~2 2 1 ¯!. But no
theoretical study of this surface has been reported to dat
far as we know.

In Sec. II we present some experimental details and so
characteristics of the experimental data from Cu$320%. In
Sec. III we discuss the QLEED intensity analysis and g
the results. In Sec. IV we summarize the conclusions.

II. EXPERIMENT

A large single crystal of copper was aligned with X-ra
Laue diffraction patterns for a cut perpendicular to a^320&
direction. Two slices with a diamond saw produced a 2-m

TABLE I. Surfaces with interlayer spacing (dbulk) smaller than
1 Å studied by QLEED. The surfaces are listed in order of decre
ing magnitude ofdbulk . The column headed ‘‘Calculation’’ speci
fies the computer program or procedure used:CHANGE is the pro-
gram used in the present work, LD denotes layer doubling, G
denotes giant matrix, and RSMST denotes real-space mult
scattering theory.

Substrate dbulk ~Å! Calculation Reference

Al $331% 0.926 LD 7
Mo$111% 0.907 LD-GM 8
Al $210% 0.906 LD 9
Fe$310% 0.906 CHANGE 10

Mo25Re75$111% 0.903 LD-GM 11
Pt$210% 0.877 RSMST 12

NiAl $111% 0.830 LD-GM 13
Fe$111% 0.827 CHANGE 14
Cu$211% 0.738 CHANGE 15
Cu$511% 0.696 LD-GM 16
Fe$210% 0.641 CHANGE 17
Cu$320% 0.501 CHANGE Present work
Ag$410% 0.496 CHANGE 19
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thick platelet that was lapped and mechanically polished
within 0.5° of a $320% plane and finally electropolished t
produce a mirrorlike surface. The platelet was then secu
on a tantalum plate and mounted on a sample holder in
experimental chamber provided with a rear-view LEED s
tem and a cylindrical mirror analyzer for AES~Auger elec-
tron spectroscopy! analysis.

After pumping, baking, and outgassing, the base press
in the experimental chamber was routinely 1310210 Torr or
lower. The sample surface was then cleaned with two arg
ion bombardments of 5 h each (531025 Torr of Ar, 500 V,
2 mA! and anneals~800–900 °C for 0.5 h! until the AES
signals of C, S, and O~the only impurities present! were
indistinguishable in the background noise of the analyze

The LEED pattern was the 131 pattern expected from a
fcc$320% surface, featuring only one mirror line, resultin
from a bulk mirror plane perpendicular to the$320% surface.
With the choice of unit mesh depicted in Fig. 1~top!, the
mirror plane is perpendicular to thex axis, i.e., in reciprocal
space, along theky axis, as drawn in Fig. 1~bottom!. This
figure is a schematic representation of the LEED patte
with some beam indices indicated. The mirror line produc
normal-incidence degeneracies such as, e.g., 1051̄1, 20
52̄2, 11̄51̄0, etc.

The orientation of the sample for normal incidence of t
primary electron beam~orientation desired for the collectio
of diffracted intensity data! was helped in part, with respec

FIG. 1. Top: Unit mesh of Cu$320%: distances in Å, angle in
degrees. Thez axis pointsinto the bulk: the interlayer spacing i
dbulk50.501 Å. Bottom: Schematic LEED pattern with represen
tive indexing. Theky axis is a mirror line.
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to rotations around an axis parallel toky , by the presence o
the mirror line: the sample was rotated around such an
until all nominally degenerate beams had the same inte
ties. But no such help was available with respect to rotati
around an axis perpendicular toky . Thus, to achieve norma
incidence, we tried to use the method of Cunningham
Weinberg.20 However, this method requires that the specu
~or 00! beam be visible on the display screen of the LEE
optics, i.e., that the sample be rotatedaway from normal
incidence. We did so, determined the angle of incidence,
then rotated the samplebackthrough the same angle. Unfo
tunately, the goniometer of our sample holder turned ou
be insufficiently precise for this purpose. We kept the orie
tation found with this procedure, but we included the an
of incidence as an additional parameter to be determine
the course of the structure analysis, as described in the
section.

The intensities of several diffracted beams@the so-called
I (V) curves or spectra# were then collected with a video
LEED system involving a television camera and a compu
as described elsewhere.21 The I (V) curves exhibit some
characteristics that are worth noting~and are very probably
typical for all stepped surfaces with bulk interlayer spacin
of about 0.5 Å!. The curves are predominantly kinematic,
the sense that they feature large peaks at or near the ene
expected for kinematic~single-scattering! processes, and
only weak to very weak intensity regions at intermedia
energies, barely distinguishable from the background. Th
intensity regions~which we call ‘‘the grass’’ for short! con-
tain most of the contributions from multiple-scattering pr
cesses and are therefore important, despite their weak
for the quantitative analysis of the surface structure. The
lection and the processing of intensity data were therefor
this case even more critical than usual: the signal-to-no
ratio was maximized with repeated signal-averaging m
surements, and the subtraction of the background was d
with particular care, in order to avoid losing important stru
tural information.

A total of 43 I (V) spectra were collected, of which 1
were pairwise degenerate and pairwise averaged, provi
26 nondegenerate curves~as depicted in Figs. 2–4! for the
structure analysis. The total energy range amounts toDE
56110 eV.

FIG. 2. Experimental~solid! and theoretical LEEDI (V) spectra
for Cu$320%. The upper curves in each panel~dashed! were calcu-
lated for a bulklike terminated surface; the bottom curves~dotted!
represent the best fit to experiment found in the present work w
the parameters given by the minimum ofRVHT .
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III. ANALYSIS

The calculations of diffracted intensities were done w
the CHANGE computer program6 on a desktop personal com
puter~Pentium 300 MHz!. The Cu potential was taken from
the collection of Moruzzi, Janak, and Williams:22 eight phase
shifts were used, and the number of beams was change
accordance with the electron energy~the maximum being
189 beams at 380 eV!. The inner potential was put equal t
2(1014i ) eV with the real part adjustable in the course
the analysis, and the root-mean-square amplitude of ther
vibrations was (̂u2&)1/250.15 Å, corresponding to a Deby
temperatureQD5304 K.

With a bulk interlayer spacing of 0.5 Å, it was decided
treat the bulk of the crystal as composed of slabs includ
three atomic layers each~calculations bunching four layers i
each slab did not produce significant differences in the sp
tra!, and initially two, then three layers in the surface sla
thereby testing the first~12!, the second~23!, and the third
~34! interlayer spacing.

As mentioned above, the unit mesh in real space w
chosen as the rhombus depicted in Fig. 1~top!, with one
edge of 3.615 Å along thex axis~pointing to the left! and the
other of 6.763 Å along they axis ~pointing up!. The angle
betweenx andy is 105.5°, and thez axis pointsinto the bulk
of the crystal, with interlayer spacingdbulk50.501 Å.

th

FIG. 3. Experimental~solid! and theoretical~dotted! LEED
I (V) spectra for Cu$320%.



am
th
th

oin
te
i-

e

re
th

ing
m
le
1
th
1

1

i-
a
, 2

of
tion
e
m
ts

on

as

er
pa-

res

the

-
g-

ed
nci-
i-
e
not

ll
r the

at-
allel
is
to
the

ith

he
ry

a-

h-

lly

PRB 61 4907STRUCTURE OF STEPPED SURFACES: Cu$320%
Before starting the search for the best structure par
eters, it was necessary to find the azimuthal orientation of
sample during collection of experimental data, so that
calculations could be done for that same orientation~and the
theoretical and experimental beam indices would then c
cide!. There are two possible orientations: one is as depic
in Fig. 1 ~top!, with the atom in the second layer at coord
natesx52.919 Å andy54.162 Å; the other with the sampl
~and the unit mesh! rotated azimuthally by 180°, i.e., with
the unit-mesh origin diagonally opposite to that of the figu
and thex and y axes directed in opposite directions wi
respect to those drawn in the figure~in which case the
second-layer atom would be atx50.696 Å and y
52.601 Å). The correct choice is easily made by mak
one calculation with, say, the first orientation, and then co
paring calculated with experimental spectra. If, for examp
the theoretical 10 curve agrees with the experimental
curve, then the chosen orientation is correct, otherwise
theoretical 10 curve will correspond to the experimental0̄
curve, and the second orientation is correct~for this determi-
nation precise correspondence between calculated and
perimental curves is not necessary, as usually 10 and0̄
spectra are very different from one another!.

In the search for the 131 structure that fits the exper
mental curves best, normal incidence of the primary be
was assumed, and the first three interlayer spacings 12

FIG. 4. Same as Fig. 3.
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and 34 were varied systematically, each time keeping two
them constant and varying the third one. We use the nota
Dd12510.10(20.02)20.18 to indicate that the chang
Dd12 of the first interlayer spacing 12 was varied fro
10.10 Å to 20.18 Å in steps of 0.02 Å. After several tes
with different parameter values, the refinement was done
a ‘‘grid search’’ including Dd12520.08(20.01)20.18,
Dd2350.0(20.01)20.17, andDd34520.1(0.025)10.1.

The quality of fit between theory and experiment w
judged both visually and by threeR factors:RVHT ,23 r ZJ,24

andRP .25 A characteristic of surfaces with small interlay
spacings is that even small changes in magnitude of the
rameters constitute large percentage changes~e.g., a change
of 0.2 Å is a 40% change of a 0.5-Å interlayer spacing!. A
related observation is that, in contrast to surface structu
with large interlayer distances~such as those of low-index
surfaces!, in the present case the values of all threeR factors
vary little for comparatively large percentage changes in
parameter values~e.g., changes inDd12 of 0.01 Å and Dd23
of 0.02 Å changedr ZJ from 0.0896 to 0.0880, andRVHT from
0.2407 to 0.2368!, and allR-factor minima were very shal
low. It was therefore necessary to keep four significant fi
ures after the period for all threeR factors.

After optimization of the layer spacings with the assum
normal incidence had been achieved, the polar angle of i
denceu was varied from 0 to 0.2° and 0.4°. For the az
muthal anglef, there were only two possible choices: th
experimental situation was such that, if the incidence was
normal, the parallel componentki of the incident wave vec-
tor would lie along theky axis, so that the anglef could only
be either1101.1° or278.9° ~for a precise definition of the
anglef, see Ref. 26!. The R factors were worsened in a
cases, so that the normal-incidence assumption made fo
calculations was proven correct.

With the best parameters found in the refinement, an
tempt was made at testing the existence of possible par
relaxation: in fact, a shift of atoms along the mirror plane
possible. Normal-incidence LEED is not very sensitive
in-plane atom shifts, but we nevertheless tried to displace
first-layer atoms by60.05 and60.1 Å in the direction per-
pendicular to thex axis. No improvement of theR factors
was obtained.

The R-factor minima~very shallow, as mentioned above!
were as follows:RVHT50.2368 forDd12520.12 Å, Dd23
520.08 Å, andDd34510.05 Å, r ZJ50.0880 for Dd125
20.09 Å, Dd23520.14 Å, and Dd34510.075 Å, RP
50.5383 for Dd12520.15 Å, Dd23520.03 Å, andDd34
510.05 Å.

The minima ofRVHT and r ZJ are indeed very low~espe-
cially considering the size of the experimental data set, w
26 nondegenerate beams over 6110 eV!, but the minimum of
RP is disturbingly large. There is a reason for this result. T
PendryR factor is equally sensitive to very large and ve
small peaks in theI (V) curves ~such as those in the
‘‘grass’’!. Unfortunately, very small peaks cannot be me
sured very accurately; hence it is natural thatRP would be
large when a substantial portion of eachI (V) spectrum has a
lot of ‘‘grass,’’ as is the case here and in general for hig
index surfaces. In addition, the magnitude ofRP ~whose defi-
nition is based on the logarithmic derivativeL5I 8/I of the
intensity I!, can and usually does become unrealistica
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large whenI is very small. In fact, the magnitude of theRP
minimum is reduced by 45% to 0.24 if all the flat intensi
regions are eliminated from theI (V) spectra~but then the
data set becomes too small for a reliable analysis!. The con-
clusion would appear to be, therefore, that the PendryR fac-
tor is likely to be large when used with high-index surfac
which haveI (V) spectra with pronounced kinematic chara
ter, i.e., a single large peak~in the usually considered rang
from 40 to about 400 eV! and otherwise very low and fla
intensity regions.

We quote the averages of the relaxations given by
threeR-factor minima as the final result:

Dd12520.1260.03 Å ~Dd12/dbulk522466!%,

Dd23520.0860.06 Å ~Dd23/dbulk5216612!%,

Dd34510.0660.03 Å ~Dd34/dbulk511066!%.

A characteristic of high-index surfaces is that theI (V)
curves of the relaxed surface are very similar to those of
unrelaxed~bulklike! surface, although theR factors are dif-
ferent. In the present case theR factors for the unrelaxed
surface areRVHT50.3107, r ZJ50.1675, andRP50.6485,
showing that the relaxed structure is a 31%, 90%, and 2
improvement, respectively, over the bulk-terminated str
ture. We show in Fig. 2, for two beams only, a comparis
between experimental and corresponding calculated rela
and unrelaxed curves. In Figs. 3 and 4 we show experime
and calculated curves for the remaining 24 beams: the ca
lated curves correspond to the structure chosen byRVHT
which is essentially the same as the structure with the fi
parameters listed above.

IV. CONCLUSION

The structure of a clean Cu$320% surface was found by
quantitative low-energy electron diffraction to be relax
with 24% contraction of the first layer, 16% contraction
the second, and 10% expansion of the third. Although
ci
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calculation of the multilayer relaxation of Cu$320% has ap-
peared in the literature, the interlayer relaxation sequenc
expected to be~221! and is herewith found experimen
tally.

The present work confirms the observation27 that high-
index ~stepped! surfaces haveI (V) spectra with pronounced
kinematic character, involving the occurrence of only o
~occasionally two! large intensity peak in the energy rang
usually considered in QLEED analyses~40 to about 400 eV!,
and otherwise long, mostly featureless low-intensity regio
This fact requires special care and precision in the collec
of experimental intensity data, and particularly in the su
traction of the background. We believe that for this purpo
the now obsolete method of collecting intensity data with
Faraday box~which measures electron currents directly a
senses accurately small changes in small currents! would
provide better data than the present method based on
fluorescence of phosphors in display-type LEED optics.

QLEED analyses of high-index surfaces generally rev
very shallow minima of theR factors, with the consequen
need for four to five significant figures in theR-factor values.
We have also noted that the low-intensity regions in theI (V)
spectra make especially large contributions to the PendrR
factor, which can thereby become unrealistically high.

Finally, the present work confirms the usefulness and
power of theCHANGE computer program for QLEED analy
ses of surface structures with small interlayer spacings.
present case of Cu$320%, with bulk interlayer spacing of
0.501 Å, is one of two surfaces with the shortest interla
spacing investigated by QLEED to date@the other is Ag$410%
~Ref. 18! which, however, is somewhat uncertain owing to
limited experimental data set#.
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