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Structure of stepped surfaces: Cg320
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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 diffradf@rEED) analysis of a C{B20 surface.
This surface featurefl 10; terraces with three atom rows, separated by steps whose normal lies(®0the
direction. The distance between succes$820 layers in the bulk is 0.501 A—one of the shortest interlayer
distances studied to date. The analysis was done witkeHla®GE computer program on a desktop computer.
Calling Adj; the change in the distance between layeasdj, we found the following multilayer sequence:
Ad,=(—24%6)%, Adyz=(—16+12)%, andAdz,=(+10=6)%. Theproblems involved in the collection
of experimental data and in the QLEED analysis of stepped surfaces are discussed.

[. INTRODUCTION quence is periodic, with period equal to the number of atom
rows in each terrace. Hence, denoting a contraction by-the
Atomic steps play important roles @eal crystal surfaces, sign and an expansion by -a sign, the sequence, e.g., for
even on those that are usually labeled flat or low index. Thigcc{113 is (— + ---), for fcc {115 is (— — + ---), for fcc
is because atoms at step edges can be dislodged more eadily 7} is (— — — + --), etc. On most of these surfaces,
than other surface atoms and also serve as nucleation centepgyrallel relaxations of the top layers are also predicted.
thus affecting morphology, energetics, and reactivity of sur- Only in very few cases have these theoretical predictions
faces. Catalysis, crystal growth, oxidation, corrosion are albeen confirmed by experiments, because experimental stud-
phenomena that are affected by surface steps. ies of multilayer relaxations on stepped surfaces are rather
For many of these reasons, much attention has been andrigre. The reason is that most such surfaces have small inter-
being devoted to the study of steps and their effects on tyer spacings, small meaning less than 1 A. The most suc-
variety of surface properties, e.g., roughening, melting, vicessful experimental technique for the determination of
brations, multilayer relaxations, etc. Most of these studies arenultilayer relaxations of crystal surfaces is quantitative low-
theoretical, with relatively few experimental confirmations. energy electron diffractio®QLEED), but this technique en-
The most convenient object to consider for experimentatounters problems when the bulk interlayer spacing becomes
studies of steps is a so-called stepped surface. A steppainificantly smaller tha 1 A as weexplain presently.
surface is obtained by cutting a low-Miller-index surface  Most of the computer programs used in QLEED analyses
(such ad001}, {110, or{111}) at a small angle to the surface use a plane-wave expansion to represent the wave function
normal. The result is a surface with a periodic sequence dbetween atomic layers. The diffracted beams in QLEED are
monatomic or diatomic steps separated by low-Miller-indexspecial plane waves that have constant energy, and higher
terraces, the width of the latter being larger, the smaller thenembers of the plane-wavdean expansion exhibit in-
angle of cut. The atoms at the upper step edges lie mostly otreasing attenuation in the direction perpendicular to the sur-
a high-Miller-index plane, which is the first layer of the in- face. When the distance between atomic layers becomes
clined high-index surface. The atomic planes parallel to thismall, more beams should be included in the expansion.
surface are separated by distances that are smaller, tiowever, in practice the beam expansion is limited to a finite
smaller the angle of cut. number of beams—a result of computational limitations.
High-index surfaces generally exhibit large multilayer re-When the bulk interlayer spacingly,) becomes substan-
laxations, proportionally much larger than their low-index tially smaller than 1 A, this limit is exceeded, and the calcu-
counterparts. Study of this multilayer relaxation reveals thdation fails to converge. Hence, most computer programs
relative positions of the step-edge atoms and all atoms in theannot be used to analyze surfaces wigh,<1 A.
terraces. For this reason, most investigations of stepped sur- Presently, there are only two solutions to this problem.
faces focus on determining and understanding theiOne is to use the so-called “giant matrix” methgas],
multilayer relaxations. which consists of replacing the semi-infinite crystal with a
The literature in this field is rich: we mention here only giant slab containing a sufficiently large number of atom
some of the most recent works®> The majority of the stud- layers to reflect or absorb all incident electrons, and calcu-
ies concern stepped surfaces of face-centered-cubic metalating the scattering within this slab in the spherical-wave
particularly Al and Cu, and predominantly surfaces of therepresentatiorfwith great demand on computer storage and
type {11(2n+1)}, n=1,23... .1 On these surfaces, time). The other solution is to use the programANGE that
each terrace contaims+ 1 rows of atoms, corresponding to was written by Jepsérin the late 1960s, which we have used
as many layers, and the finsiayers are predicted to exhibit ever since. This program allows the user to bunch together
inward relaxations (i.e., contractions while the finaln  two or more atomic layers, not only in the surface region
+1st layer hasoutward relaxation (expansion This se- (like other programs but also throughout the bulk of the
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TABLE |. Surfaces with interlayer spacingl{,,) smaller than
1 A studied by QLEED. The surfaces are listed in order of decreas-
ing magnitude ofdy,,. The column headed “Calculation” speci-
fies the computer program or procedure usagaNGE is the pro-
gram used in the present work, LD denotes layer doubling, GM
denotes giant matrix, and RSMST denotes real-space multiple-
scattering theory.

Substrate dpuk (A) 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
Mo,sRe {111} 0.903 LD-GM 11
P{210 0.877 RSMST 12
NiAI {111 0.830 LD-GM 13
Fe{111 0.827 CHANGE 14
Cu211 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

crystal, into composite layers, or “slabs,” within which the
multiple scattering is calculated in the angular momentum
representation. Such a calculation has the disadvantage that it
may scale in time approximately with the cube of the number

of layers in the slab, since scattering between all pairs of 5 1 Top: Unit mesh of Ci820}: distances in A, angle in
atoms in the unit cell must be considered, but has the advanggrees. The axis pointsinto the bulk: the interlayer spacing is

tage that it allows very small interlayer distances, because . —0.501 A. Bottom: Schematic LEED pattern with representa-
increases the regions in which the scattering is treated withye indexing. Thek, axis is a mirror line.
spherical waves and decreases the regions in which the scat-

tering is treated with pIang Waves. . thick platelet that was lapped and mechanically polished to
To date, 13 surfaces W'.th bul'k interlayer spacings Smal.leWithin 0.5° of a{320 plane and finally electropolished to

than 1 A have been StUd'.ed with QLEED: we I|s_t the_m n produce a mirrorlike surface. The platelet was then secured

Table I in order of decreasinty, .. The smallestly, in this 5, 5 antalum plate and mounted on a sample holder in an

list is that of Ag410}, but the analysis of that surface is gy erimental chamber provided with a rear-view LEED sys-
somewhat urgcertaln, since it was based on a limited and Ve, 1, and a cylindrical mirror analyzer for AE®@wuger elec-
old database’ _ _ < Jron spectroscopyanalysis.

The present paper is conqerned with a QLEED.anaIyS|s of  After pumping, baking, and outgassing, the base pressure
a Cy320 surface, for whichdp=0.501A, ng]ﬁ the i the experimental chamber was routinely 10~ Torr or
CHANGE computer program. The compact step notatidor  |5,yer The sample surface was then cleaned with two argon-
this surface is @10)(100), which tells that the surface fea- ion bombardmentsfds h each (5¢ 1075 Torr of Ar, 500 V
tures{110} terraces with three atom rows, separated by steps #A) and annealg800-900 °C for 0.5 huntil t,he AEé

with n(.)r.mal in the(lOQ) direction. If 'Fhe rule requiring the signals of C, S, and Gthe only impurities presentwere
periodicity of the oscillatory relaxation to be equal to the ,gigsinguishable in the background noise of the analyzer.
number of atoms in each terrace were valid for this surface, 1o | ggp pattern was thexd1 pattern expected from an
we would expect the sequence to be — + --). But no fcc{320 surface, featuring only one mirror line, resulting
theoretical study of this surface has been reported to date, #5m a bulk mirror plane perpendicular to the20 surface

farlasswe Il<|now. . | details and somVith the choice of unit mesh depicted in Fig.(top), the
n Sec. Il we present some experimental detalls and SoMgry g plane is perpendicular to theaxis, i.e., in reciprocal

characteristic§ of the experimental da}ta from{m' In space, along thé, axis, as drawn in Fig. Ibottom. This
Sec. Il we discuss the QLEED |n_ten5|ty anaIyS|s_ and glVefigure is a schematic representation of the LEED pattern,
the results. In Sec. IV we summarize the conclusions. with some beam indices indicated. The mirror line produces
normal-incidence degeneracies such as, e.gs 110 20
=22,11=10, etc.

A large single crystal of copper was aligned with X-ray  The orientation of the sample for normal incidence of the
Laue diffraction patterns for a cut perpendicular t¢320 primary electron bearforientation desired for the collection
direction. Two slices with a diamond saw produced a 2-mm-of diffracted intensity datawas helped in part, with respect

Il. EXPERIMENT
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FIG. 2. Experimenta{solid) and theoretical LEED(V) spectra : = =
for Cu{320;. The upper curves in each pandashed were calcu- S Q\ 12
lated for a bulklike terminated surface; the bottom curidstted >,:' o N
represent the best fit to experiment found in the present work with 2 | —Exper \ 21
the parameters given by the minimum Ry . E """" Theory /-’ “
< - N
to rotations around an axis parallelkp, by the presence of J\ 1
the mirror line: the sample was rotated around such an axis —N
until all nominally degenerate beams had the same intensi- e “/\ """"
ties. But no such help was available with respect to rotations _,f\‘\/\\_’_zi_
around an axis perpendicularkg. Thus, to achieve normal e
incidence, we tried to use the method of Cunningham and )
Weinberg?® However, this method requires that the specular — —)
(or 00 beam be visible on the display screen of the LEED [ == === =
optics, i.e., that the sample be rotatadiay from normal 20
incidence. We did so, determined the angle of incidence, and i
then rotated the sampleckthrough the same angle. Unfor- J \/ 03
tunately, the goniometer of our sample holder turned out to — N
be insufficiently precise for this purpose. We kept the orien- e e s o
tation found with this procedure, but we included the angle ENERGY {eV}

of incidence as an additional parameter to be determined in ] . .
the course of the structure analysis, as described in the next FIG- 3. Experimental(solid) and theoretical(dotted LEED
section. I (V) spectra for C{B20}.

The intensities of several diffracted beaftise so-called
(V) curves or spectiawere then collected with a video-
LEED system involving a television camera and a computer The calculations of diffracted intensities were done with
as described elsewhetk.The 1(V) curves exhibit some the CHANGE computer prografhon a desktop personal com-
characteristics that are worth notifgnd are very probably puter(Pentium 300 MHz The Cu potential was taken from
typical for all stepped surfaces with bulk interlayer spacingsthe collection of Moruzzi, Janak, and Williamiéeight phase
of about 0.5 A. The curves are predominantly kinematic, in shifts were used, and the number of beams was changed in
the sense that they feature large peaks at or near the energecordance with the electron ener@@e maximum being
expected for kinematiasingle-scattering processes, and 189 beams at 380 @VThe inner potential was put equal to
only weak to very weak intensity regions at intermediate— (10+4i) eV with the real part adjustable in the course of
energies, barely distinguishable from the background. Thesene analysis, and the root-mean-square amplitude of thermal
intensity regiongwhich we call “the grass” for shojtcon-  vibrations was (u?))?=0.15A, corresponding to a Debye
tain most of the contributions from multiple-scattering pro- temperature® =304 K.
cesses and are therefore important, despite their weakness, With a bulk interlayer spacing of 0.5 A, it was decided to
for the quantitative analysis of the surface structure. The coltreat the bulk of the crystal as composed of slabs including
lection and the processing of intensity data were therefore ithree atomic layers eacbalculations bunching four layers in
this case even more critical than usual: the signal-to-noiseach slab did not produce significant differences in the spec-
ratio was maximized with repeated signal-averaging meatra), and initially two, then three layers in the surface slab,
surements, and the subtraction of the background was dorhereby testing the firstl2), the second23), and the third
with particular care, in order to avoid losing important struc-(34) interlayer spacing.
tural information. As mentioned above, the unit mesh in real space was

A total of 43 1(V) spectra were collected, of which 17 chosen as the rhombus depicted in Fig(tdp), with one
were pairwise degenerate and pairwise averaged, providingdge of 3.615 A along theaxis (pointing to the left and the
26 nondegenerate curvéas depicted in Figs. 234or the  other of 6.763 A along thg axis (pointing up. The angle
structure analysis. The total energy range amountdfo  betweenx andy is 105.5°, and the axis pointsinto the bulk
=6110eV. of the crystal, with interlayer spacingy,,=0.501 A.

Ill. ANALYSIS
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and 34 were varied systematically, each time keeping two of
them constant and varying the third one. We use the notation
/,\ 0-3 Ad;,=+0.10(-=0.02)-0.18 to indicate that the change
i N Ad,, of the first interlayer spacing 12 was varied from
/J\/B\ 3 +0.10 A to —0.18 A in steps of 0.02 A. After several tests
"\ R = S with different parameter values, the refinement was done on

/ a “grid search” including Ad;,=—0.08(—0.01)-0.18,
23 \ Ad,s=0.0(—0.01)—0.17, andAds,= —0.1(0.025)+0.1.
""""""" ' The quality of fit between theory and experiment was

32 judged both visually and by threR factors: Ryt , 2% r 25,2
B T N ——— andRp . A characteristic of surfaces with small interlayer

= 04 _//\\ spacings is that even small changes in magnitude of the pa-
z - L rameters constitute large percentage chariges, a change
b R B e A of 0.2 A is a 40% change of a 0.5-A interlayer spaging
& 0-4 W\/\f/, related observation is that, in contrast to surface structures
- s il with large interlayer distance@uch as those of low-index
2 _ﬁ’;‘;grry AN_14 surfacey in the present case the values of all thRefactors
g y /e AN vary little for comparatively large percentage changes in the

parameter valueg.g., changes ind;, of 0.01 AandAd,;

of 0.02 A changed,; from 0.0896 to 0.0880, an@yr from
0.2407 to 0.2368 and allR-factor minima were very shal-
low. It was therefore necessary to keep four significant fig-
ures after the period for all three factors.

After optimization of the layer spacings with the assumed
normal incidence had been achieved, the polar angle of inci-
denced was varied from 0 to 0.2° and 0.4°. For the azi-
muthal angle¢, there were only two possible choices: the
experimental situation was such that, if the incidence was not

0-6 /\, normal, the parallel componeki of the incident wave vec-
AY K,—— tor would lie along thek, axis, so that the anglé could only
' - e be either+101.1° or—78.9° (for a precise definition of the
40 80 120 16°EN2£§G54&V)28° 320 %60 400 angle ¢, see Ref. 26 The R factors were worsened in all
cases, so that the normal-incidence assumption made for the
FIG. 4. Same as Fig. 3. calculations was proven correct.

With the best parameters found in the refinement, an at-

Before starting the search for the best structure parampempt was made at testing the existence of possible parallel

sample during collection of experimental data, so that thgossible. Normal-incidence LEED is not very sensitive to
calculations could be done for that same orientat@md the  jn_plane atom shifts, but we nevertheless tried to displace the
theoretical and experimental beam indices would then COINfirst-layer atoms by+0.05 and+0.1 A in the direction per-
cide). There are two possible orientations: one is as depiCteBendicular to thex axis. No improvement of th® factors
in Fig. 1 (top), with the atom in the second layer at coordi- \yas obtained.
natesx=2.919 A andy=4.162 A; the other with the sample  The R-factor minima(very shallow, as mentioned abgve
(and the unit meshrotated azimuthally by 180°, i.e., with \ere as follows:Ryr=0.2368 forAd;,= —0.12 A, Adys
the unit-mesh origin diagonally opposite to that of the figure,— g og A, andAda,= +0.05A, r,,=0.0880 for Ad;,=
and thex andy axes directed in opposite directions with —0.09A, Ad,;=—0.14A, and Adsy=+0.075A, Rp
respect to those drawn in the figufe which case the _(53g3 for Ad;,= —0.15A, Adys=—0.03A, andAday,
second-layer atom would be ak=0.696A and vy —+0.05A.
=2.601A). _The correct choic_e is _easily_ made by making  The minima ofRyyr andr; are indeed very lowespe-
one calculation with, say, the first orientation, and then comgia|ly considering the size of the experimental data set, with
paring calcglated with experimental spectra. If, fo_r examplepg nondegenerate beams over 6110, d\t the minimum of
the theoretical 10 curve agrees W[th the expe”me”_tal 1sz is disturbingly large. There is a reason for this result. The
curve, then the chosen orientation is correct, otherwise thpendryR factor is equally sensitive to very large and very
theoretical 10 curve will correspond to the experimen®@l 1 small peaks in thel(V) curves (such as those in the
curve, and the second orientation is corrdet this determi-  “grass”). Unfortunately, very small peaks cannot be mea-
nation precise correspondence between calculated_and eXared very accurately; hence it is natural tRat would be
perimental curves is not necessary, as usually 10 ahd 1large when a substantial portion of ed¢) spectrum has a
spectra are very different from one another lot of “grass,” as is the case here and in general for high-
In the search for the %1 structure that fits the experi- index surfaces. In addition, the magnitudeRpf (whose defi-
mental curves best, normal incidence of the primary beannition is based on the logarithmic derivatite=1'/1 of the
was assumed, and the first three interlayer spacings 12, 2@&tensity 1), can and usually does become unrealistically
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large whenl is very small. In fact, the magnitude of ti calculation of the multilayer relaxation of €320 has ap-
minimum is reduced by 45% to 0.24 if all the flat intensity peared in the literature, the interlayer relaxation sequence is
regions are eliminated from thigV) spectra(but then the expected to be&——+) and is herewith found experimen-
data set becomes too small for a reliable analydike con-  tally.

clusion would appear to be, therefore, that the Pefifigc- ~ The present work confirms the observafiothat high-

tor is likely to be large when used with high-index surfaces,index (stepped surfaces havé(V) spectra with pronounced
which havel (V) spectra with pronounced kinematic charac-Kinematic character, involving the occurrence of only one
ter, i.e., a single large pedin the usually considered range (Occasionally two large intensity peak in the energy range
from 40 to about 400 eVand otherwise very low and flat Usually considered in QLEED analys@ to about 400 e}/

intensity regions. and otherwise long, mostly featureless low-intensity regions.
We quote the averages of the relaxations given by thd Nis fact requires special care and precision in the collection
threeR-factor minima as the final result: of experimental intensity data, and particularly in the sub-
traction of the background. We believe that for this purpose
Ad;,=—0.12+0.03A (Ad;p/dpy=—24+6)%, the now obsolete method of collecting intensity data with a
Faraday boxwhich measures electron currents directly and

Ady=—0.08+0.06 A (Ad,3/dy=—16+12)%, senses accurately small changes in small curremntuld

provide better data than the present method based on the
Adg,=+0.06-0.03A (Ads,/dpy=+10+6)%. fluorescence of phosphors in display-type LEED optics.

. o . QLEED analyses of high-index surfaces generally reveal
A characteristic of high-index surfaces is that H&/) ey shallow minima of theR factors, with the consequent
curves of the relaxed surface are very similar to those of theyeeq for four to five significant figures in tiefactor values.
unrelaxed(bulklike) surface, although th® factors are dif-  \ye have also noted that the low-intensity regions inl{\é)
ferent. In the present case tiefactors for the unrelaxed spectra make especially large contributions to the PeRdry

surface areRyr=0.3107,12,=0.1675, andRp=0.6485, ta.t0r which can thereby become unrealistically high.
showing that the relaxed structure is a 31%, 90%, and 20%  Fina)ly, the present work confirms the usefulness and the

improvement, respectively, over the bulk-terminated StUCHower of thecHANGE computer program for QLEED analy-

ture. We show in Fig. 2, for two beams only, a comparisongeg of surface structures with small interlayer spacings. The
between experimental and corresponding calculated relaxegocent case of @820, with bulk interlayer spacing of
and unrelaxed curves. In Figs. 3 and 4 we show experimentgj 501 A is one of two surfaces with the shortest interlayer
and calculated curves for the remaining 24 beams: the Calc%'pacing investigated by QLEED to ddthe other is Ag410}

lated curves correspond to the structure choserROyr  (Ref. 1§ which, however, is somewhat uncertain owing to a
which is essentially the same as the structure with the finalpited experimental data set

parameters listed above.
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