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Epitaxial rotation of two-dimensional rare-gas lattices on Ag111)
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Low-energy electron-diffraction results from rare gases adsorbed ghlAgare presented. On the clean
surface, the rare-gas overlayer lattices are always aligned with the substrate step direction, but when a small
amount of a different adsorbate is put on the surface first, the overlayer grows in a rotated orientation at a
nonsymmetry angle which depends on the rare gas and its exact lattice spacing and on the preadsorbate. These
lattice rotation angles are not those predicted by the Novaco-McT@¢Me theory for epitaxial rotation, nor
those predicted by any other model for epitaxial rotation. Molecular statics calculations for (XélAgro-
duce results in agreement with the NM prediction, not the experimental results. We speculate that atoms or
molecules preadsorbed at step sites play an active role in the equilibrium rotation angles, possibly by changing
the corrugation of the charge density in their vicinit$0163-182@07)00435-9

INTRODUCTION tions are also the likely directions for surface steps, and so
the experimental results have usually been interpreted as be-
The rotational epitaxy of incommensurate rare-gas monoing due to a pinning of the overlayer by substrate steps. In
layers is an important and conceptually appealing example afther words, the collective energy gain afforded by the over-
the collective behavior of two-dimensional solids. If an in- layer rotation is not sufficient to overcome the energy gained
commensurate overlayer of infinite extent were completelyby having some adatoms in certain step sites. The reason that
rigid, the overlayer atoms would sample all possible sitesthis step alignment does not generally occur on graphite is
and it would have no preferred lattice orientation sincepossibly because graphite is easily prepared with very large
changing its angle would have no effect on its total energyterraces, and the amplitude of the potential variation experi-
However, anelastic overlayer can relax by moving some enced by the rare gas compared to the step-pinning energy
adatoms toward the minima of the corrugated potefiial- may be larger on graphite than on many metal surfaces.
ing the substrate periodicityexperienced by the adatoms.  The assertion that substrate steps are involved in the
One possible mode for this relaxation involves only longitu-alignment of rare-gas monolayers on metal surfaces is sup-
dinal (compression or expansipdeformations of the lattice, ported by He-atom diffraction experiments for rare gases on
forming nearly commensurate domains which are separatet(111).”® Those experiments demonstrated that the adsorp-
by high- or low-density domain walls. However, anothertion of impurity atoms at steps influenced the rotational epi-
mode of relaxation involves transverse deformations whichaxy of the overlayers, causing it to change from 0° to 30° in
are energetically advantageous only for overlayer latticeshe case of Ar, and from 30° to 0° in the case of Kr. It was
which are rotated with respect to the substrate. Since geneclearly shown that adatoms at the step sites were required for
ally transverse deformations cost less energy than longitudihe rotation to occur, and that adatoms on the terraces alone
nal deformationg,the lowest-energy configuration for an in- were not sufficient to cause the rotation. In many ways, how-
commensurate elastic overlayer is often a structure which isver, these observations raised more questions than they an-
rotated relative to the substrate. swered. It is not clear in the first place why the clean-surface
The theory of the rotation of an elastic overlayer on aorientation of the overlayer is different by 30° for Ar and Kr.
rigid substrate was first developed by Novaco andAlso, the change of rotation angle from one symmetry direc-
McTague?> and was immediately supported by the tion to another(by 309 implies that something more than
experimentally-observed rotation of Ar/graphitélany ad-  just step blocking occurs. If the steps were blocked, allowing
ditional experiments have been performed on the rotation oflands to nucleate and grow on terraces, the lattice would in
rare-gas overlayers on graphite, and the theories extended general be expected to be rotated to a nonsymmetry direc-
take into account details such as the effect of nearby contion, as observed for rare gases on graphite. The true situa-
mensurate structuré$and anharmonicity.Studies of rare- tion however may be considerably more complicated.
gas adsorption on metal surfaces, however, have indicatéBcanning-tunneling-microscopy(STM) experiments on
very few nonsymmetry overlayer rotation angles. That is,Xe/P{111) indicate that after filling the upper step sites on a
incommensurate rare-gas overlayers on metal surfaces ustiean Ptl1l) surface, the Xe then nucleates islands on the
ally align along a substrate symmetry direction. Such directerracesand at the lower step edgésTherefore in this case
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the first atoms which adsorb at the step rw nucleate is-
lands. Both the top-step site preference and the non
nucleation at the top steps are attributed to the partially co
valent nature of the Xe-Pt bortf The situation for Ar or Kr
adsorption might be different; however, these results cer
tainly raise questions about the role of steps and of the preac
sorbed impurity atoms in the He-atom diffraction experi-
ments described above.

EXPERIMENT AND CALCULATIONS

The low-energy electron-diffractioLEED) experiments
described here concern the adsorption of rare gases c @
Ag(111). The lowest crystal temperature available in these
experiments is 25 K. For experiments which involve LEED
measurements while heating, the heating current is choppe
out of phase with the LEED optics suppressor voltage tc
allow viewing and acquisition of an undistorted LEED pat- (b)/J
tern while heating. Rare gases were adsorbed by backfillin
the chamber, usually to a pressure ok 208 mbar. The
experiments were performed by monitoring the LEED pat-
tern while dosing gas onto the surface. Lattice spacings an
angles were obtained from the positions of diffraction spots. (c)
The average transfer width of the LEED instrument for these M
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measurements was about 120 A.

Supporting molecular statics calculations were performec
for Xe/Ag(111). The lattice included a three-layer slab of
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Ag(111) over which a single circular island of )_(e was 50 920 480 940 900 ©ED
placed. Each Ag layer had 1600 atoms and the Xe island ha Aazimiuthal Angle (deg)
168 atoms. Periodic boundary conditions were employea
along thex andy directions parallel to the surface of the  FIG. 1. LEED patterns and azimuthal intensity profiles for Xe
slab. The interatomic interactions between various atomi@dsorption on A¢lL1l). Panels(a) show Xe adsorption on clean
species were employed using the following models. Theag(111) at 40 K. The outer six spots are due to the(AHl) sub-
Xe-Xe interaction was constructed using the X2 pair potenstrate, the six inner smeared spots are due to Xe. The azimuthal
tial of Barker! supplemented by the substrate-mediated in-profile is taken through the six Xe spots. The azimuthal smearing
teraction due to the presence of the substraiene Xe-Ag  shows up as tails on the peaks. Parib)sshow the same thing for
interaction was considered to be a Lennard-Jaihgs pair  0.02 precoverage of K. Pane(s) are for 0.04 precoverage of K.
potential. Parameters of the LJ pair potential were deterThe monolayer saturation coverage for K is 0.40. The overexposed
mined by fitting the well depth and position of the minimum substrate spots and high background intensity are due to the large
of the lateral potential to previously-determined values for a9&in required to image the relatively weak Xe scattering.
Xe atom on an Agl11) surface'® The Ag-Ag potential was
modeled using the embedded atom metHod. monly observed by STM on metal surfacd&sHowever,
when a small amount of impurity atoms is preadsorbed, the
rotation angle of the subsequently adsorbed rare-gas over-
layer is a well-definedi.e., not azimuthally smeargdnon-

Ar, Kr, and Xe monolayers on A@ll) are incom- symmetry angle of the substrate.
mensuraté®!® Our equilibrium experiments on the adsorp-  Figures 1a) and Xc) show the LEED patterns obtained
tion of these gases onto clean A41) yielded results for for Xe adsorption on A@11) which has a small amount of
structural properties and heats of adsorptiashich were in  preadsorbed potassium. At a 0.02 potassium precoverage
agreement with the earlier results of Unguetsal 1> Like (coverage is defined as the ratio of the number of overlayer
the incommensurate Ar and Kr overlayers oflRf), rare- atoms to top-layer substrate atgntisere are two Xe rotated
gas overlayers on A@11) are always aligned along a sym- angles present, at 0° and19°. At 0.04 coverage, all of the
metry direction of the substrate. In this case, the direction iXe is rotated along the-19° direction. Note that the diffrac-
always the 0° directiofi.e., the overlayer unit cell is aligned tion spots from the rotated phase are not smeared azimuth-
with the substrate unit celivhich is the direction of the most ally. Similar results were obtained for Ar or Kr adsorption on
common substrate stepleading to the conclusion that the Ag(111) and K-precovered A@.11), except that the rotation
rotation angle of the rare gases is pinned by the substratengles were different. In addition, the rotation angle was
steps. Figure (B) shows a LEED pattern and a azimuthal found to vary with the lattice parameter for each gas studied.
intensity profile for Xe adsorption on A1) at 40 K. There  The observed rotation angles of the rare-gas overlayers as a
is considerable azimuthal smearing of the overlayer spotfunction of their lattice spacings are shown in Fig.(Zhe
which is the expected result of the step meandering comlattice spacings are varied by changing the sample tempera-
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30° e results for Xe/Ag111) which indicate a rotation angle of
P £ about 25° agree well with the NM prediction.

HOG posit RS e e 1 The discrepancy between the experimental results and the
osition -~ A . .

P \@!\“” Qox\;// 1 calculated NM and molecular statics results is rather large. If

Pid 7 1 we assume that on the clean surface, the overlayer aligns

< i - - because the step-pinning energy overrides the rotational

20° ¢
= : . . .
// MR Xe+K 1 alignment energy arising from the lattice mismatch, there
/ Kr+§/x/ 1 seem to be only two possible solutions. One is that the first-
L 4
r+K:

:‘A/ 1 order NM theory does not accurately describe rare-gas ad-
‘/ 1 sorption on Ag111), and the other is that the preadsorbed K

A
. . does more than to just block the steps sites to rare-gas ad-

10°

Overlayer Rotation Angle

- /O o 1 sorption.
m . Addressing the first, we note that the NM theory was
Ar+CO s Xe+CO ] generally reasonably accurate at predicting the rotation
: ] angles for the rare gases adsorbed on graphite, except near
oo Lo commensurate phases, where it is not valid because higher-
35 4.0 4.5 5.0 order harmonic terms are more important. The first-order
Overlayer Lattice Spacing (A) NM theory would be expected to be even more applicable to
adsorption on A¢L11) than to adsorption on graphite since
FIG. 2. Graph showing the rotation angles for Ar, Kr, and Xe onthe corrugation of the substrate potential is smaftewe
Ag(111) for small precoverages of K. The circles denote Ar, the haye previously compared the first-order NM theory to the
triangles denote Kr, and the squares denote Xe. Also shown afgtation of incommensurate alkali-metal overlayers on
three short curves which represent the results of Novaco-McTagugg(lll), where the substrate is known not to satisfy the rigid
calculations for each of the three gases. The dashed curve Whic'athbstrate condition of the calculations, and we found gener-
goes generally through the experimental results is a Bohr-Grey traé”y better agreement than that presented here for the rare
jectory which corresponds to fixing the overlayer domain walls atgase§.2'23 The fact that the molecular statics calculation re-

an angle ?f .60 - HOC denotes the location of _th‘ﬁ( sults for Xe also agree with the NM calculations provides
X V7)R19.1 h'ghgr'order commensurate phase. Rotation a“”gleﬁjrther evidence that NM model should be accurate for rare-
for CO preadsorption are also shown. gas adsorption on the flat surface. Therefore we conclude

that even though the overlayers are not aligned with the

ture or the ambient pressure of the adsorbing)g@her  gieps, their rotation angles are still affected by the steps or by
properties of these overlayers such as thermal-expansion c@yme other surface defects.

efficients and desorption temperatures were identical to those Figure 2 also shows a curve calculated according to the

found on the clean surface. o Bohr-Grey criterion that the overlayer domain walls remain
The molecular statics calculations indicated that the tOtabinned along a symmetry direction, in this case 60° relative

energy of the system has two minima with respect t0 thgg the substrate. The Bohr-GréBG) modeP* is a geometri-
rotation angle of the Xe island. oOne is at @he aligned 3| model which predicts several rotation angldspending
direction and the other is at 23°4°. on the pinning directionfor each lattice misfit, but it does
not predict which angle has the lowest energy; indeed, an-
other Bohr-Grey trajectory is very close to the NM curves
shown. The BG curve that we show corresponds to the do-
The results described above indicate that the preadsorprain walls aligning along a direction 60° from the substrate
tion of a small amount of K causes some orienting field to0° alignment. The fact that this BG curve goes through the
overcome the step-pinning energy for the adsorbed rare gagxperimental data is suggestive that it has some relevance to
A simple interpretation of these results is that the K blocksthe observed behavior. However for Ar and Xe the agree-
the Xe adsorption at step sites, allowing the Xe to nucleatenent appears to be accidental since thermal expansion of the
on terraces and to grow in an orientation which is determine@verlayers leads to trajectories which are nearly perpendicu-
largely by the lattice mismatch of the overlayer and subar to the BG curve. In general the BG model is most appli-
strate. Rare gases adsorbed or{14d) are prime candidates cable to systems with narrow domain walls and has been
for the application of the Novaco-McTag@M) theory for ~ shown to be valid in the case BX, adsorption on graphit&,
rotational epitaxy because the corrugation of the adsorptiofor instance. However, since we believe the corrugation of
potential is small, and there are no nearby low-order comthe substrate potential to be very weak in the case of rare
mensurate phasé$. We have performed NM calcul- gases on clean Agll), it would be very surprising if there
ationg%2! for each of the rare gases adsorbed or(1Ad),  were strong domain walls.
assuming Lennard-Jones interactions between the rare-gas One possible explanation for the observed rotation effect
atoms. The calculated rotation angles as a function of latticeith K preadsorption is that the corrugation of the substrate
parameter for each rare gas are shown in Fig. 2 along witpotential experienced by the rare gas is significantly changed
the experimental data. While the general trend in the rotatioty the adsorption of K. A large increase in substrate corru-
angle is similar to that predicted by the NM theory, thegation has been observed before in He-atom diffraction ex-
angles are generally about 10° different from the NM predic-periments of Pb or Bi adsorption on @01).2°?” There, a
tions. On the other hand, our molecular statics calculatiorsmall amount of Pb or Bi atoms adsorbed on the surface led
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to a tenfold increase in the potential-energy corrugation ex
perienced by the He atoms scattering from the Cu surface
and was attributed to a redistribution of charge in the top Cu
layer, possibly due to a relaxation of the top layer. Alkalis
are known to cause a large charge redistribution upon ad
sorption, and we know that K adsorption on (Ag1) causes
a significant amount of relaxation of the top-layer Ag atoms,
at least in the vicinity of the K aton?s:?® Preliminary He-
atom diffraction measurements for KfAlL1) indicate that a
small amount of K increases the He-atom diffraction. If the
substrate corrugation were enhanced in the vicinity of the
adsorbed K, then this corrugation might dominate the rota-
tion energy of the rare gas. Molecular-dynamics simulation
for small rafts of Xe on Rfi11) indicate that for the case of
the compressed incommensurate Xe phase, the rotation ang
is insensitive to the amplitude of corrugatith(In that case,
also, the molecular-dynamics calculation agreed with first-
order NM predictions. This suggests that if the overlayer
rotates because the adsorbed K increases the substrate cor
gation, the symmetry of the corrugation must also be
changed by the adsorbed K. A change in the symmetry of th
corrugation would be expected anyway, since the K atom
do not have the substrate periodicity.

These results raise the question of how alkalis interact g 3. | EED pattern from Kr adsorption on A1) which has
with surface steps. Our earlier experiments involving thep 1 | of CO preadsorbed. The outer six spots are due to the sub-
coadsorption of K and rare gases on(Afjl) showed thatthe  sirate. The inner ring of 12 spots is due to scattering from incom-
K rare-gas interaction is repulsive at least on the terrdites. mensurate Kr which has two equivalent rotational domding
Experiments of Cs coadsorption with rare gases, on the otheihout 59. The very weak spots near the center are from electrons
hand, indicated an attractive Cs rare-gas interaction at low Gshich are scattered by both the overlayer and the substnané
coverages. For an amount of preadsorbed Cs equal to thiple diffraction).
amount of K required to cause a complete rotation of the
rare-gas overlayer, the rare gas was found to remain alignetively high mobility on the surface, evidenced by its ability
This suggests that the interaction of the rare gases with th form ordered structures at higher coverages without an-
Cs atoms adsorbed at steps is attractive, while for K atomeealing.
adsorbed at steps it is repulsive. We end this highly speculative discussion by reporting

Calculations for Na on jellium indicate the interaction be- additional experimental results for similar experiments using
tween Na and steps on jellium are repulsive at the bottom ofphysisorbefl CO as the preadsorbate rather than K. Small
a step and attractive at the t3p>?If the nucleation sites for amounts of CQless than 0.1-L exposure at 40 K; saturation
the rare gas on the clean surface are not the same as therresponds to approximately 2 preadsorption also cause
preferred sites for the alkali, then the first alkali on the sur-the rare-gas layer to form a rotated layer, but at different
face may not block the nucleation of rare gases at steps. Thangles than those found for K preadsorption or from the NM
is interesting in view of the amount of K required to causecalculation. A LEED pattern for Kr on the CO-preadsorbed
the full rotation of the rare-gas layers. We find that thesurface is shown in Fig. 3. The rotation angles measured
amount of preadsorbed K required to obtain full rotation ofwere about 12° for Ar, about 5° for Kr, and about 6.5°
the overlayer is apparently too large to be just due to thdor Xe. [For Ar, a higher-order commensuratey7
single occupation of step sites by K. A coverage of 0.04x \[7)R19.1° phase was often observed to coexist with the
corresponds to about 10% of a saturated K layer. Since thetated incommensurate phdsas in the case for K pread-
average terrace width on the surface has been determing@rption, the rotated rare-gas overlayers were identical to
from diffraction spot profiles to be at least 200 A, the amountthose formed on the clean surface aside from their angle. No
of K required to saturate the steps should be less than 5% @fidence of mixing with the CO was observed as long as the
a saturated layer, or a coverage of less than 0.02. This sUCO precoverage was very small. In this case, however, varia-
gests that a significant amount of K is already on the terracesion of the angle with lattice spacing was very small. This
However, if both upper and lower step sites need to be ocsuggests that the orientation of these overlayers may also be
cupied before the nucleation of rare gas at steps is preventesgmehow pinned; however, the overlayer spots are not
then twice as much K would be required. We note that ifsmeared azimuthally as they are for adsorption on the clean
higher coverages of K were adsorbed, then the rare-gas rotgurface, where the overlayer aligns along the step directions.
tion angles were often quite different, presumably because K
on terraces has a different effect from that adsorbed at steps. CONCLUSION
However, in these experiments we could not determine for
sure that the K adsorbs first at step sites since even at the These results provide evidence that adsorbates at steps
lowest temperature attaing@0 K), the K still has a rela- play active roles in the determination of the equilibrium ro-
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tation angles for rare gases on (Ad41). The nature of the effects, edge effects, etavhich could be tested by calcula-
interactions of the adatoms with the step sites and/or imputions for these systems.

rity atoms appears to be very important since different over-

layer rotation angles are observed for different preadsorbates.
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