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Low-energy electron diffractiofLEED) and temperature-programmed desorptidRD) were used to de-
termine the adsorption properties and the structural phase diagram of Xe on the dléat) Bdrface. The
binding energy of a Xe atom to the substrate is found to be quite strong-(B2@neV), whereas the effective
Xe-Xe lateral interaction is extremely weak/ (<10 meV) and most likely attractive on the clean(®Pd)
surface. Within the monolayer regime, a phase transition sequence from a commensurate
(V3% \[3)R30° phase to a hexagonal incommensurate pttaeand, finally, to a hexagonal incommensurate
rotated phas€HIR) is observed. The resulting phase diagram is compared to theoretical predictions and other
rare-gas adsorption systems. The Xe adlayer structure turns out to be extremely sensitive to the presence of
impurities, such as H and CO. This sensitivity can be rationalized by the weak Xe-Xe lateral interaction.
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[. INTRODUCTION rare gases adsorbed on jellitias well as DFT calculations
for Xe on Pt111) (Refs. 9 and 1pand Pd111).° Even more
The interactions between physisorbed particles, namelgurprising, these studies predict an-topadsorption site*°
rare-gas atoms adsorbed on graphitsd various metal and a very large vibration energy for @olatedadsorbed Xe
surfaced are usually described by attractive forces of theatom on Ptl11) of about 8.5 meVRef. 9 as compared to
well-known van der Waals type. As a result, rare-gas adlaythe experimental value of 3.4 meV for thdense Xe
ers have often been considered as model systems for tmonolayer! Meanwhile, the on-top adsorption site for Xe
study of phase transitions in two dimensidnBue to the  has been confirmed experimentally on various close packed
attractive nature of the lateral interactions physisorbed rargnetal surfaces such as @d1),*>** Cu(111),** Ru(0003),®
gases are expected to undergo a first-order two-dimensionghd P¢111).'° Furthermore, the correlation between adsorp-
(2D) gas-solid phase transition and to form islafitiscoex-  tjon strength and strong lateral repulsive contributions has
istence with a 2D gas phasie the submonolayer regime and peen seen in the case of Xe adsorbed at step edges on the
at low enough temperatures. On the other hand, repulsivpt(lll) surfacet”!8 Whereas on P111) the interaction be-
contributions to the Iate_ral interaction supplementing the atyveen Xe atoms is overall repulsive only at the more
tractive van der Waals interaction have .been identified ea”)étrongly binding Pt step edges, the Xe-Xe interaction was
on, and may lead to a significant reduction of the (effec- assumed to be repulsive even on terraces in the case of

g\l:(ke))'st:igamlelclni;et;%wmcogcﬁIr:aer;s 2n30nmtﬂﬁf§é%nsin?$:cﬂzzrsn Pd111). The present study reveals that the repulsive contri-
y bution to the Xe-Xe lateral interaction on @dJ) is, indeed,

as well as from the dipole-dipole repulsion between the Xe

atoms that acquire a permanent polarization upon adsorptioﬁsgevgpggrac\t/a?g gggﬁg&f}gf 'gorgggn:}ggﬁ totrEZesﬁtr;rag]:
In addition, the strain induced by the corrugation of the hold- o . ' at Y, the
both contributions yields a very weadfectivelateral inter-

ing potential together with the lattice mismatch can beaction which, however, is probably stifittractive on the
viewed as a repulsive effective Xe-Xe lateral interaction. In ' ' P y
cleanPd111) substrate.

some cases, the sum of these repulsive contributions may Low-energy electron diffraction(LEED) and spin-

even outweigh the attractive van der Waals interaction be- : ;
tween the agsorbates leading to an overall latepiilsion polarized LEED (SPLEED studies have revealed several

as claimed in the case of Xefd10),* Xe/Ni(100)° and Xe different adlayer structures for Xe adsorbed ori1Rd). Up

adsorbed on various Pd surfaédsin overall repulsive lat- t? a X% coverage just belo =0.33 a.weakly correlated
eral interaction on Rd11) was conjectured from the mono- ('d|lut.e ) phgse was reported and attributed to a net repul-
tonic decrease of the total binding energy of a Xe atom fro ive interaction between the Xe atoms. Fé&r=0.33,

he Xe adlayer forms a rather well ordered
360 meV at low coverage to 335 meV close to monolaye o
completion® Furthermore, instead of forming two- (\3x y3)R30° phasé.”****Upon further exposure of Xe

dimensional islands, Xe was found to adsorb in a “dilute” & & surface temperatur=55 K, additional high-order
phase up to rather high coveradeSubstantial repulsive commensurate phases with large superstructure unit cells
contributions to the lateral interaction have been correlate/€r@ observed, namely, a {9x J19)R23.4° phase
with large work function changes, i.e., a large adsorption@t @ coverage®=0.37 (Refs. 12 and 1P and a (/7
induced dipole momert. X \7)R19.2° phase with a saturation coverage 6

The experimental findings suggesting a significant repul=0.43.*° Both phases exist in two domains rotated
sive contribution to the Xe lateral interactions—especially onrdgainst ~each other. Also, the phase transition
the strongly binding substrates Pt and Pd—are in agreemefiom (V3X\3)R30° to (V19X J19)R23.4° to (/7
with density functional theorenDFT) calculations for the X \[7)R19.2° as a function of coverage was reported for Xe
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on Pd111)."° The (y3x \/3)R30° structure can also be ob- sample. The sample can be cooled to 20 K by a helium flow
tained at higher temperatures (65 K), whereas at 80 cryostat and heated to 1200 K using a computer controlled
+5 K only the “dilute” phase was found to be stable againstelectron impact heatéf. After a prolonged treatment in an
desorption. The Xe atoms in the “dilute” phase and in theoxygen atmosphere of I8 mbar at 1000 K, the sample was
(\/§>< \/§)R30° phase where found to reside in on-top finally cleaned by repeated cycles of sputtering with 800 eV
positions’ Ar" ions at 620 K and consecutive flash annealing to 1000
Kessleret al?>? also reported an incommensurate superK. The surface cleanliness was checked by TPD and LEED
structure at a coverag® =0.42 obtained from the \(§ and the cleaning cycles were repeated until no traces of the
X /3)R30° structure by compressing and slight rotations byMmain contaminants CO and H could be detected. The overall
+3.8°. Starting from the (7 x \7)R19.2° structure and in- cryst_alhne qua!lty of the sam_ple surface was checked by re-
creasing the Xe coverage at sufficiently low temperature, th€0'ding LEED images from different areas of the crystal sur-

formation of a Xé111) crystal was reported by Hilgets. ace.

This Xe(111) film was azimuthally aligned with the {7 Xe was exposed by backfilling the chamber with Xe up to

X \[7)R19.2° structure and thus occurred in two orientations® partial pressure of about 19 mbar for a certain period of

rotated by: 10.2° with respect to the Ll subswrate. o JRE TE BESECR 2R 0 B e e alues
The first LEED intensity analysis for Xe/Ptll) gave a 9 P 9 gaug y

— . . for the Xe partial pressure and the Xe exposures are given
binding distance in the \(3x \3)R30° phase ofd=3.5 . e
+0.1 A with the Xe atoms being adsorbed in hollow sites. here. The conversion between expostrd.angmuir= 1 L

: =10 © torrs) and coverage is determined frdift) curves
In the “dilute” phase the adsorbed Xe atoms were found to , . ; . o :
occupy olrllj-toppsites with a Xe-Pd distarrd:e4.0vl 01 A%le (LEED spot intensity versus timeshowing distinct kinks at

: 13 . monolayer, bilayer, and trilayer completidsee, e.g., Fig.
More receintly, Caragngt al** found that also in the (3 1(b)]. The absolute coverad® is defined as the number of
X \3)R30° phase Xe is adsorbed on top of the Pd atomsye 4toms per Pd11) surface atom. For instance, the

with a bond lengtrd=3.07-0.06 A. . . completion of the (3x3)R30° phase at 2.9 L corre-
Contrary to the results reported previously by H|IgersSponds to©®=1/3 or a surface atom density of 5.1
etal,’” we find a number of additional phases for Xe/ 3144 ya atoms/crh. We found no differences in the Xe
P.dlll) not only n the mqnolayer regime, but also in the adlayer structures when the LEED filament and/or the elec-
bilayer and multilayer regime, dependlng. on the substrat(?ron beam (o< 2 wA) were switched on or off during the
tgmperaturé’ and the Xe coverag®. In adq!uon, the phgse preparation of the Xe adlayers. On the other hand, adsorption
d@gram was fqund to be extremely s§n3|tlve to small IMPUt-om the residual gagespecially hydrogen and QQwvas
rity_concentrations. In fact, the previously reported1®  t5ind to have a strong influence on the Xe structures and
X J19)R23.4° and (/7x7)R19.2° phases appear to be phase transitions. In order to avoid contamination induced

related to re_sidual H_and CO contamination, respectitfely. effects, the background pressure had to be kept below 3
In the following, we will report the complete structural phase y 1011 mpar during the entire experiment.

diagram of Xe, which we believe to be characteristic of the
cleanPd(111) syrface. ' ' ' IIl. RESULTS
The paper is organized as follows: After a brief descrip-
tion of the experimental setup in the next section, we will We determined the structural phase diagt@ommarized
present the phase diagram extracted from LEED pattern$) Fig. 4) from the recorded LEED images and LEED)
LEED intensity versus exposure curves, and temperaturesurves, by identifying different phases as a function of
programmed desorption spectra. The results are discussedsample temperaturdl and Xe coverage®. The clean
the light of previous experimental work and theoretical pre-Pd111) surface was exposed to a certain amount of Xe at a
dictions of 2D phase diagrams and phase transitions. given temperature, then LEED images were recorded either
with the 3D Xe gas pumped off or not. We also monitored
the intensity of theg10), (01), and \/3 diffraction spots as a
Il. EXPERIMENT function of Xe exposure at different temperatures. To this
end, we backfilled the chamber with a certain Xe partial
pressure €10 8 mbar) and followed the spot intensity cor-
chted for the background as a function of tiphét) curves.
e set finite windows around the spots and subtracted from
the total intensity inside the window the background calcu-
lated from the intensity at the window perimeter.

The experimental setdpconsists of an ultrahigh vacuum
(UHV) chamber with a base pressure in the low Yombar
range. Besides a supersonic helium nozzle beam for therm
energy atom scatterin@ EAS), it contains common surface
analytic tools, like an Auger electron spectroscqpES)
facility, a quadrupole mass analyZ&MA) for temperature-
programmed desorptioffPD) studies, and a video LEED
system.

The sample, a hat-shaped(Pl) crystal, is mounted on a
three-axis goniometer and can be positioned with respect to The intensities of th¢10) and(01) LEED spots plotted as
the LEED beam via a 3D manipulator. The two wires of aa function of the Xe exposure show distinct kinks at the
K-type thermocouple are welded on opposite sides of theompletion of the first monolayer at 3.75[Eigs. 1a,b].
crystal to average over the temperature gradient across ttigelow 45 K the decay of the intensities with additional ex-

A. LEED intensity curves: Xe adsorption and adlayer
morphology
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Y 2 4 6 8 10 12 14 Also shown in Fig. 1) is the Xe-induced1/3,1/3 spot
30 LI LI L L L L intensity, which rises up to a maximum at 2.9 L. This maxi-
i (@) mum  corresponds to the completion of the
20 \ <25K (V3% /3)R30° commensurate phase, i.e., to a cover@ge
\\ (0,1) . =1/3. The compression of the/8x y3)R30° phase leads
10 - \\ - to a splitting of the(1/3,1/3 spot into 3 or 6 spots. This
I \\\\ . explains the sudden decrease of {ié3,1/3 spot intensity
o0F o, .(1’(_)) . oy for ®>0.33. The constant value of 3.75 L required for the
30 L LU L L saturation of the first and all subsequent Xe layers indicates a
; (b) | constant sticking coefficient, if we assume that the density of
20 46K - the compressed monolayer is about the same as the surface
(0,1) . density of the multilayer Xe films. Since the sticking coeffi-
10 m . cient of Xe on a Xe film can be assumed to approach unity at
\ low surface temperature, the sticking coefficient in the

&__ monolayer regime must also be close to one. A constant

t sticking coefficiens close to unity is also consistent with the
(©) ] Xe atom densityny, obtained experimentally after exposing
the sample for a given time intervalto a Xe atmosphere
(gas temperaturd ;=300 K, partial pressurg) and the
| value calculated from kinetic gas theorynye
. =spt/y2mmykgT. For instance, the calculated Xe atom
(1,0) 1 density for an exposure of 2.9 L and a sticking coefficient
————— s=1 amounts to 5.1410" Xe atoms/crA or ©=0.34,

1 which is in excellent agreement with the saturation coverage
©=1/3 of the (3% 3)R30° phase. This calibration also
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10 (1,0) ] sequent multilayers to b&® =0.43+0.1 and, hence, a Xe
| nearest-neighbor spacing of 4:2.1 A, slightly smaller than
0 (1/3',1/3) ' 4 the value for bulk Xe(4.34 A).
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B. LEED patterns: Xe adlayer structures and phase diagram

For low exposures, Xe initially forms a 2D gas phase on
FIG. 1. Xe adsorption curves: Intensity of tii#,0) and (0,1)  the surface whose saturation coverage does not exceed a few
LEED spots of the Pd11) substrate as a function of Xe exposure at percent of a monolayer at low temperatures. We observe a
=25 K (a), 46 K (b), 62 K (c), and 90 K(d); electron beam energy decrease of intensity of thel0) and (01) spots, but no(1/
60 eV; Xe partial pressure>810~° mbar. In(b) and(d) the inten- 3,1/3 spots[see, e.g., Fig.(b)]. From the LEED images, we
sity variation of the(1/3,1/3 LEED spot characteristic of a\@ cannot decide whether Xe adsorbs at the step edges first.
X \3)R30° phase is also shown. The dashed vertical lines at 3.7§yjith increasing exposure up to 2.9 BE0.33), an ordered

L, 7.5 L, and 11.25 L, correspond to mono-, bi-, and trilayer(\/g>< \/§)R30° LEED :

) . : S pattern[Fig. 2(a)] gradually devel-
completion, respectively. The dotted line at 2.9 L indicates the nd sharpens. indicating the formation of commensu-
completion of the (/3% 3)R30° phase @ =1/3). ops and sharpens, indicating the formation of commensu

rately ordered Xe patches, whose size increases continuously
with coverage. In contrast to XefRi1), this phase can al-
ready be seen at 40 K and is stable up to 80—100 K depend-
posure is roughly exponential and, therefore, the growthing on the surface coverage. At temperatures above 100 K,
seems to be three dimension&lig. 1(a)]. For temperatures the commensurate/@x y3)R30° phase dissolves into a 2D
between 45 K and 60 KFig. 1(b)], distinct kinks can also be disordered(gas or liquid phase and, finally, Xe completely
seen at the coverages corresponding to bi-, and trilayedesorbs from the surface. In the temperature range between
completion at 7.5 L and 11.3 L, respectively, indicating layer100 K and 104 K, the intensity of th€l0) spots decreases

by layer growth. Above 60 K, a second layer cannot be conupon adsorption, whereas the intensity of (t¢3,1/3 spots
densed at a typical 3D Xe partial pressure of 4@nbar. At  increases only slightly. For still higher temperatures (@
temperatures between 60 K and 90[Kigs. 1c,d], there  spot intensity does not change upon exposure at a Xe partial
only remains the shoulder in tHgt) curves, which corre- pressure of the order of 16 mbar.

sponds to the completion of the®x 3)R30° phase at 2.9 Increasing the Xe exposure to 3.75 @ €0.43) at 40 K

L followed by an additional slight decay characteristic for a<T=<70 K leads to a phase transition from the commensu-
(partia) compression of the monolayer. The maximumrate (/3% /3)R30° phase to a compressed incommensurate
amount of Xe adsorbed on Bd1) at 10 8 mbar corre- (IC) phase and, finally, to a hexagonal incommensurate ro-
sponds to 3.75 L at 60 K and 2.9 L at 90 K. For highertated(HIR) phase. The LEED pattern obtained from the IC
exposures, the LEED intensities remain constant. phase[Fig. 2(b)] shows the splitting of eaclil/3,1/3 spot
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FIG. 2. Examples of LEED
patterns (beam energy, 60 eV
characterizing the Xe adlayer
structure in the monolayer regime
as a function of coverage(a)
(\3x\/3)R30° phase, (b) hex-
agonal incommensurate phase
(HI), (c) onset of the adlayer rota-
tion, (d) and(e) hexagonal incom-
mensurate rotated phasgiiR).
The lower right panel shows a
schematic of the Xe-induced spot
splitting in the vicinity of the
(1/3,1/3 spot position(thin verti-
cal line). Different shades of gray
symbolize the relative spot inten-
sities.

into a spot triplet forming a triangle pointing outwards. Suchand 60 K and for exposures higher than 3.75 L, the LEED
a splitting is characteristic for a domain wall phase, which inimages show six short bafsontaining, most likely, two in-
the present case can be identified as a hexagonal domain wdilvidual but unresolved spots per paround the central
phase with superheavy domain walisThe distance of the Xe(111) spots. Above 60 K and for Xe background pressures
corner spots from the center of the triandlecated at the <10 8 mbar, only the Xe monolayer is stable against de-
original (1/3,1/3 position] increases with increasing cover- sorption and a second layer cannot be adsorbed ¢tlBd
age[Fig. 2(c)], and finally the spots at each corner of the In another series of experiments, we exposed tHa Byl
triangle split into two new spots indicating a rotation of the surface at 40 K and carefully annealed the adsorbed Xe layer
Xe adlayer with respect to the Bd.1) high symmetry direc- to a given temperature, at which a LEED image was then
tion [Fig. 2d)]. The spot splitting and rotation continue to recorded. These results are consistent with the results above
increase until at the saturation coverage of 3.75 L the siand the phase diagram depicted in Fig. 4. Small differences
spots of the HIR phase are clearly resolV&tf. 2(e)]. between the constant temperature and the annealing experi-

Starting with a Xe exposure of 3.75 L at 70 K and raisingments may be attributed to nonequilibrium effects, since in
the temperatures t6=90 K leads to a partial desorption of the latter case the ordering of the adlayer and partial desorp-
Xe and causes the phase transition from HIR to HI until at 9Gion may occur during the annealing.
K a sharp (/3% y3)R30° LEED pattern is obtained. This
reflects the fact that the compression and hence the formation
of the dense domain walls are energetically unfavorable.

At still higher Xe exposures *¥3.75L) and for T
<60 K, a Xe bilayer starts to grow that can be identified in
the LEED pattern by the appearance of a “seven-spot” dif-
fraction patterrfFig. 3(a@)]. The distance between the central
spot of this seven spot arrangement and(€h6) spot closely
matches the nearest-neighbor lattice spacing of the bulk
Xe(111) single crystal ofa§’<e=4.34 A, i.e., the seven spots

are no longer centered around the commensurbi®1/3 (c) « 0
position @y,=4.76 A). The surrounding six spots can be (113,113) ':'@\

attributed either to the double diffraction from the incom- . ~ .
mensurate Xe bilayer and the underlying Pd) substrate or L - TR W i
to a periodic buckling of the bilayer in response to the sub- e g
strate corrugationMoiré pattern. In both cases the spot 0.0 (1.0) ¢

splitting is con5|stent W,'th a .m|sfm=1—a§<e/al>’<e=. —9% FIG. 3. (a) LEED pattern of the Xe bilayer structurdeam
and aR30° azimuthal orlenta'uo'n of the adlayer with respectenergyy 90 eYand(b) LEED pattern of a multilayer Xe filnfbeam

to the substrate. Upon further increase of the exposufle at energy: 60 eV. (c) Schematic of the spot splitting for the Xe bilayer
<54 K, the second-order diffraction and/or the buckling am-showing the relationship between the satellite spots, the position of
plitude gradually weakens and the six outer spots fade awaje substrate spotslark squares and the nominal position of the
until only single, sharp X@11) spots(rotated by 30° with  (1/3,1/3 spot(small open squayeDifferent shades of gray symbol-
respect to the substrateemain[Fig. 3(b)]. Between 54 K ize the relative spot intensities.
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FIG. 4. Schematic structural phase diagram for X€IR, in-
dicating the regions of stability of the various phases. G, 2D gas
phase; L, liquid phasey3, (v3x \3)R30° phase; HI, hexagonal FIG. 5. Influence of surface impuritiggnost likely hydrogen
incommensurate phase; HIR, hexagonal incommensurate rotaté@ntamination on the phase diagran@ “Dilute” phase obtained
phase; BL, bilayer; TL, trilayer. Dashed lines are rough estimategfter exposure of 0.8 L at 60 Kb) y phase obtained at monolayer
only; the upper solid lines where derived from adsorptiBiy. 1)  Saturation3.4 L) at 60 K. Electron beam energy, 101 €b) Sche-
and desorption curveig. 6) and correspond to the threshold tem- matic view of the Xe adlayer structure in thephase with coverage
peratures where the vapor pressure of the respective phase exceédis 0.40+0.01 and rotation angle=(22.2=1)°, asderived from
~1078 mbar. Circles are data points obtained from Figs. 1 and 7.the spot splitting in(b).

phase diagram on the slightly contaminated surface could be
) _ “due to adsorbed hydrogen. This is supported by experiments

Even after careful preparation, a small residual contamiin which well defined amounts of hydrogen were pread-
nation cannot be completely ruled out. If the Xe adsorptionsgrped on the clean PHL1) surface® It was found that hy-
experiments were not conducted under optimum vacuungrogen exposures of the order of FOL only give rise to
conditions and immediately after the sample preparation, Wgjmjlar characteristic features as described above: a diffuse
could repeatedly obse_rve two_char_actenstlc changes in thg/3 1/3 spot at intermediate coverages and an inward point-
LEED patterns and their evolution with coverage and/or temjng triangle at monolayer saturation. The size of this triangle,
perature.(i) In many cases, th€l/3,1/3 spot of the initial ¢ the final spot splitting depends on the hydrogen cover-
(V3x3)R30° structure became diffuse over an extendedhge. At larger hydrogen precoveragesposures=0.05 L)
coverage regimgFig. 5a)], which is reminiscent of the “di-  the spots at the corners of the triangle are again split, even-
lute” phase reported in previous studigd) A new phase tyally giving rise to a LEED pattern characteristic of a
was obtained at monolayer saturation characterized by a spp’\t/l—gx JI9)R23.4° structure.
splitting into a triangle pointingnward as illustrated in Fig. As a result, we are confident that the phase diagram in
5(b). Sometimes, we could still observe the same sequencgig. 4 extracted from the LEED patterns in Figs. 2 and 3 is,
of the splitting of the(1/3,1/3 spot into a triangle painting jndeed, characteristic of th@eanPd111) surface. However,
outwards(HI phase followed by an azimuthal splitting of ~ que to the extreme sensitivity of the Xe adlayer structure to
the 3 individual spots indicating the rotation of the adlayergmaliest amounts of residual surface impurities, we cannot
(HIR phasg. In contrast to the “clean” case, the spot rotation ryje out that the small but finite concentration of residual
continued beyond the “six-spot” structufgig. 2(€)] until gy rface defects or impurities, still present on the supposedly
neighboring satellites joined again, giving rise to 3 spotsjean surface, may already influence the details of the Xe
forming a triangle pointing inward. phase diagram.

In fact, the(1/3,1/3 spot exhibits a triangular structure at
coverages well below the saturation of the
(V3% \/3)R30° phase a® = 1/3. This could explain the dif-
fuseness of the spot, but then the compression of the adlayer Complementary information on the binding energy of Xe
should start well below the saturation of a homogeneousn different layers and monolayer phases as well as on the
(y/3% /3)R30° monolayer. A similar situation has been ob- adsorbed amountrelative coveraggsin these phases have
served previously in the case of Kr on graptifteyhere the  been obtained from TPD experiments. Figure 6 shows a se-
addition of deuterium gas also lead to an early compressiories of TPD spectra recorded for different amounts of Xe
of the Kr 2D islands via the same transition from a commen-adsorbed on the supposediganPd111) surface. The lead-
surate (/3% 3)R30° phase to a HI domain wall phase. In ing edge of the multilayer desorption pe@iot shown was
the present case, we believe that the modification of the Xesed to calibrate the temperature séalErom a linear fit to

C. Influence of surface impurities

D. Temperature-programmed desorption
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008 ———F——— 71— T experimental data is excellent for the leading edghich is
relevant for extractinde), and vy), whereas an additional
high-temperature “tail” can be seen in the experimental
spectra. This tail could be due to the presence of stronger
binding sites(steps, defects, impuritig®r simply be an ar-
tifact due to the finite pumping speed and the accumulation
of residual Xe gas starting to desorb from parts of the sample
holder or cryostat.

0.06

0.04

0.02

Desorption Rate (ML/s)

0.00 IV. DISCUSSION

A. Adlayer structure and phase diagram

The phase diagram and phase transitions of the rare gases
10" , . R — on graphite and many metal surfaces have been studied ex-
E tensively both experimentalty and by theory. A transition
from a (V3% y/3)R30° phase into an incommensurate phase
upon monolayer compression has been reported for Kr on
graphité®2® and for Xe adsorbed on @11).%° Theory pre-
. dicts that the transformation from the/x \/3)R30° com-
] mensurate phas€C) into a HI phase can occur either di-
rectly, via a first-order transition, or via an intermediate
striped incommensurai@l) phase’! In the latter case, both
transitions G-Sl and SkHI are continuous. Both cases
were, indeed, observed experimentally: Kr/graphite shows a
C—HlI transition, whereas Xe/Pitl1) presents an example
€0 80 100 120 140 for the sequence ©Sl—HI. With increasing compression
Temperature (K) (large lattice misfit, the HI incommensurate adlayer may
rotate as a whole to form a so called HIR phase. Such a
FIG. 6. Temperature-programmed desorption spe@RD) of  otation can reduce the overall strain energy of the adlayer,
Xe/Pd111) for different initial coverages ranging betwedd as was first shown by Novaco and MCTaﬁ’aéndeed, Kr/
=0.13(0.3 ML) and®=0.52(1.2 ML). (a) Linear representation, qranhite, Xe/RL11) and many other rare-gas systems were
(p) MenzeI-Schllchpng plot. Small open circles |no!|cate the 'dealfound to form HIR phases upon monolayer completion.
flrslt-or(.jer'desorptlon .behavu')r, calculjated py |ntegragr;g the Consequently, the sequence—&I—HIR observed for
Polanyi-Wigner — equation ~using a2 esorption  enerd¥es  xq o Pd111) is quite consistent with the known behavior of
=320 meV and a prefactor,=5x 10" Hz. Only the calculated h h | £ Also th it f
curve for saturation coverage of the uncompressed phése (t € rare gases on nexagonal surfaces. AlSo the existence of a
—1/3) is shown. 2D gas phase at low coverages and a disordeligdid)
phase at higher temperaturgfig. 4) is common to
most rare-gas adlayers and physisorption systems in general.
the leading edge of the zero-order bilayer desorption pealet, there are a few important differences between
(BL) in the “Menzel-Schlichting” plot[logarithmic desorp- the Pd111) and the Rtl1l) case:(i) on Pd11l) the (y3
tion rate versus reciprocal temperature, with thaxis in- ><\/§)R30° phase is obtained already at low temperature
verted as compared to an Arrhenius plosee Fig. 60)] a (40 K), whereas for R111) it is only stable for temperatures
desorption energiqe=176+5 meV and a desorption pref- ahove 60 K. Since the nominal lattice misfit in the commen-
actor vo=3x10'*"%?Hz is deduced. In the monolayer re- surate phase is only slightly smaller for Xe/F%6) than for
gime two peaks at 95 K and 122 K can be distinguishedXe/Pt(10%), this is a first indication for a relatively weaker
corresponding to the compressédl, HIR) and the (/3  lateral Xe-Xe interaction and, hence, a stronger influence of
x \/3)R30° phase, respectively. The relative area of thes¢he substrate corrugation in the case of(d). (i) On
two desorption peaks is consistent with the Xe coverages d?d111), Xe was reported to adsorb in a “dilute” phase with
1/3 (commensurajeand 0.43(monolayer saturationas de-  weak /3 superstructure peaks up to rather high coveFage,
termined from the adsorption curvéSec. Il A). The high-  whereas on R111) large islands are formed after 2D con-
temperature desorption peak exhibits first-order behaviotdensation, indicating a sizable attractive lateral interaction on
(constant peak positionBoth the initial slope and a Red- Pt(111).® In contrast to the previous work, conducted at el-
head analysis give a total binding energy in this uncomevated temperatures, we find rather shérf3,1/3 spots at
pressed, commensurate phaseEff=320+10 meV and a intermediate coverages and lower surface temperature. On
desorption prefactor,=5x 10'**! Hz. Using these values, the other hand, the spot intensity and sharpness decrease
we have calculated the first-order desorption curves by intesteadily with increasing temperature. As an example, Fig. 7
grating the Polanyi-Wigner equation. The result @=1/3  shows thereversible variation of the(1/3,1/3 spot intensity
is plotted in Fig. 6 for comparison. The agreement with thefor a Xe coverage o®=0.11, which is about one-third of

—
O
~—

Desorption Rate (ML/s)
b=
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- 1 ~ T - T 1 a zero-order desorption behavior characterized by a common

or % Xe/Pd(111) ] leading edge of the TPD traces. On the other hand, sizable
45 | i o 45K-90K - repulsiveinteractions wquld give rise to a secon(_j—order-hke
m i oo o 90K—45K 1 character, namely, a shift of the desorption maxima towards
€ 4Or % 7 lower temperature with increasing initial coveragdo fur-
8 a5 [ ] ther illustrate this point, we may compare the present find-
8 T ] ings with the Xe desorption on @11).% In this case, the
T % . desorption from the (3 3)R30° phase occurs at around
- Ry 1 105 K via a process which is zero order for higher initial
A % T coverages but first order at low Xe coverages. Despite the
ol 4, ] rather limited first-order regime for the Xe(P11) system, a
40 50 60 70 80 20 quantitative fit of the desorption curves can only be obtained
Temperature (K) by assuming a very smaleffective) lateral interaction of 3

X 7 meV=21 meV only>>3¢ By comparison, the lateral in-
FIG. 7. Variation of the(1/3,1/3 spot intensity as a function of teraction in the case of Xe/PHl1), where the first-order be-
temperature recorded after Xe exposure of 1.(0=0.11). havior is much more pronounced, should be significantly
smaller.

the saturation density of the/8x y3)R30° phase. In this The stronger binding of Xe to the Pdl) surface
regime, a completely disorderdtdilute” ) 2D Xe phase is (320 meV) as compared to®11) [~260 meV(Ref. 35]
obtained above 80 R This behavior can again be explained IS somewhat surprising, since the van der Waals interaction
in terms ofweak lateral interactions, but the presence of aPetween Xe and metals with a very similar free electron den-
well-ordered condensed phase at lower temperatures suggdy such as Pt and Pd should not be too different. However,
that these interactions aggtractive in contrast to Pd, th€l1l) face of Pt supports asp surface
state or resonance close to the Fermi level in the center of the

surface Brillouin zoné! On P{111) the surface state is par-
B. Xe binding and lateral interaction tially occupied, whereas on P it is not. The contribu-

More about the binding energy of Xe on [®d1) and the tion of intrinsic surface states to the binding of the noble
lateral interactions can be learned from the TPD experimentg@S€S on metals has been proposed to explain the stronger

presented in Sec. IllD and Fig. 6. The desorption energy€'tical binding of Xe on P@l11l) as compared to Px1))
Eg —320 meV, inferred from the/3 peak in Fig. 6b) and (at least partially the stronger repulsive contribution to
es ’ . f

should be compared to the Xe binding energy range of 360lhelateral interactions for the Xe/Rd11) systent® A stron-

330 meV reported by Wandelt and Hufsdlote that the lat- ger Xe-metal binding was also found to correlate with a

ter values were determined from a Redhead anabsisim- Iarrger Xi:-;rr:ducded rwgrl;_;‘ggchog ;iha?gfﬁ 'r'_r?'_’mw':hf arn in-
ing a prefactor ofvo=10' Hz; taking a prefactor between crease of the adsorptio uced dipole momerteretore,

10'2 and 162 Hz as determined from Fig.(6) would give an enhanced repulsive contribution to the lateral interaction

for strongly binding substrates is also expected to arise from
e e e o ey e ctcase of e Xe pole-cpoe epuin
' y Si9 In summary, we can understand the wedlectivelateral

binding energy up to the saturation coverage of the ( interactions in the Xe {3x /3)R30° phaselevidenced by

X 3)R30 phasg. Only upon compression of the COMMEN3ya first order character of the corresponding TPD spectra in
surate Xe Iaye‘r IS th|s, energy s_trongly reduced. From th?:ig. 6) to arise from an almost complete canceling of the
posmon of the'HI_, HIR" peak in Fig. 6 at about. 95 Kwe €an attractive van der Waals interaction between neighboring Xe
estimate the bmg:hng energy of the Xe atoms mcorporateq Mtoms by the strong repulsive contributions to the lateral in-
the dense domain walls to be of the order of 250 meV, whiche 5 cfign, expected for a strongly binding substrate such as
is about 70 meV smaller than in the commensuraf@ ( Pd111). On the other hand, the formation of 2D islaridee

X 3)R30° domains. Note that this low-temperature de-giscussion in Sec. IV Asuggests that the attractive van der
sorption peak, as well as the corresponding compressed Rjaals contribution is not completely canceled even over-
and HIR phases, have not been detected by Wandelt anghmpensated as suggested in Refs. 6 arigy the repulsive
Hulse? because their adsorption and desorption experimentsontributions. Thus the negffectivelateral interaction is cer-
were performed above 95 K, where only they3( tainly weak but probably still attractive on tiéeanPd(111)

x /3)R30° phase is stable. surface.

The strictfirst-order desorption behavior up to saturation  Note, that the observation of a “dilute” phase at tempera-
of the (V3% /3)R30° phase is again indicative wfeaklat-  tures above 80 KRefs. 7 and 1Rare not necessarily in
eral interactions. Here “weak” means that the lateral inter-contradiction with the presence ofeak lateral attractions
action energy per atoivi ; is small compared to the thermal and hence the formation of 2D islands or clusters as observed
energykgT in the temperature range=100-120 K, where at lower surface temperatures. Indeed, the disappearance of
the desorption takes placéj.e., V|;;<10 meV. In factat-  the sharp(1/3,1/3 LEED spots(Fig. 7) is indicative of a
tractive interactions=kgT would stabilize the phase coex- thermally induced disordering2D melting or sublimation
istence between a 2D gas and a 2D solid phase, resulting of the weakly bound 2D solid phase. Likewise, the first-order
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desorption indicates that the8x \/3)R30° phase dissolves such ay phase, we can determine from the spot splitting the
into a single, weakly correlated phaée be identified with  Xe coverage to 0.460.01 and the rotation angle of the ad-
the “dilute” phase of Refs. 7 and 12vell below the onset of layer to (22.2-1)° [Fig. 5(c)].

desorption af~110 K (Fig. 6). Quantitative information on As a result, we suggest that the main effect of a contami-
the size of the lateral interactions could be obtained in a higtation of the PAL11) surface is a change of the monolayer
resolution LEED study of the coverage and temperature desaturation coverag®,and a modification of the adlayer

pendence of the structural ordering within the/3( rotation. Both effects can be attributed to a change of the
x \3)R30° phase lateral interactions since this would affect the compressibility

of the adlayer and, hence, the saturation coverage as well as

the elastic propertiesstiffness of the monolayer, thereby

affecting its rotational behavidf. Also the previously ob-
The amplitude and sign of the lateral interactions couldserved  high-order ~commensurate  phésés (119

depend on the cleanliness, i.e., on the presence of impurities J19)R23.4°(@,,,=0.37) and (7X\7)R19.2°@O .

and/or surface defects. For instance, an increase of the bind=0.43), which we attribute to contamination with H and

ing energy at a surface defect or impurity could increase th€0, respectively? can be understood along the same lines.

repulsive contribution to the lateral interaction, as was ob-These phases again differ in the saturation coverage as well

served for Xe atoms adsorbed at the step edges oflalPt as in the rotation angle.

surface'’ This is particularly problematic in the present case,

since the lateral interactions on the clear(IR2d) surfaces V. CONCLUSION

are quite weak and a possible modification could give rise to

large relative changes or even a reversal of the sign. As e on the clean RA1Y) surface. We find a strong binding to

consequence, the shape of the desorption spectra and ]
structural phase diagram can be significantly affected. Sucr’n_gee substrate (32910 meV) but a very weakprobably at

C. The influence of impurities

We have studied the adsorption and structure formation of

strong influence of the presence of surface impurities like active effective lateral interaction, which is definitely
9 P P maller thankgT at desorption temperatures, i.€V, 4

an((j)gé)eliérlr?gli egéﬁ::riglﬁﬁee)ﬁge;g?;ylt?sl)tl}ucture at monf 10 meV. Within the monolayer regime, a phase transition
(3% 3)R30°—HI—HIR is observed, which is

layer saturation. Whereas the clean surface yields the 6 Sp8§quence

LEED pattern[Fig. 2@)], a slight hydrogen contamination f:onsistent with theory and similar to the case of Kr on graph-

gives rise to a completely different LEED pattern character-';e‘ The ((j\/§>< I\/§)'R30° phaile Is Stalble&tl IOV,\,' terrr;perature
ized by a spot splitting into three spots forming a triangleh!“hmay Issolve into & weakly corre aték llute ) P ;sexat
pointing inward [Fig. 5(b)]. At first sight, the Xe adlayer in "9"ner temperature—again suggestimgakattractive xe-xe
this phase appears to be nonrotated with respect to the hi pteractions. .The X? adlayer structure is very gensﬂwe_tq the
symmetry directions of the substrate. In fact, the position of’'€>€NCe of impurities, such as H and CO. This sensitivity Is
the satellite spots is close to that expected for & {J attributed to the weak effective lateral interaction and the

phase. A very similar spot splitting was reported for &- strong relative changes of the amplitude and, possibly, even
sorbed on graphifé and has been interpreted as an incom-te Sign 0fVia;.
mensurate structuréermed they phase in which the ad-

layer is rotated in such a way that the modulation or buckling

giving rise to the satellite spots is exactly aligned with the This work was financially supported by the Austrian Sci-

substrate. If we attribute the LEED pattern in Fighbto  ence FoundatiofFWF) under Contract No. P13841-CHE.
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