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We present a comprehensive study on the binding and orderingspbiC a Pd110) surface
employing scanning tunneling microscoTM), low-energy electron diffractiofLEED), x-ray
photoelectron spectroscopg}PS and x-ray photoelectron diffractioKPD). Three well-ordered
structures evolving at elevated temperatures were identified, wh. ), (4x5), (4x8) unit

cells and a coverage of 1, 0.82 and 0.77 physical monolayers, respectively. The rearrangement of Pd
substrate atoms turns out to play a crucial role in the evolution of thifilths. In STM images
alternating bright and dark molecular rows are found for the regular structures. This height
difference is attributed to a restructuring of the Pd substrate. Whereaggh®{@cules of the bright
molecular rows are embedded in one layer deep microscopic gg®cCommodated in two layer
deep pits account for the dark molecular rows. XPD results complete the understanding of the film
structure. They reveal that the orientation of thg €ages is unique in the regular structures; the
molecules are facing with a 5—6 bond towards the substrate20@L American Institute of
Physics. [DOI: 10.1063/1.1410391

I. INTRODUCTION ing different orientations of the &g cages and a g-induced
surface reconstruction have been invoked. For instance, on
The binding and ordering characteristics of fullerenes aizg(001) a dark and a bright & species can be distinguished
solid surfaces have attracted much interest in recent years. |3 STM™3 and based on a x-ray photoelectron diffraction
particular, the interaction of & with various metal surfaces gnalysis Cepelet al. infer the coexistence of two &g cage
was studied in detdit® (for reviews, cf. Refs. 10, 310n all ~ orientations:* However, the cage orientation seems not to be
investigated metals the fullerenes form a surface chemicghe origin for the contrast in STM that might rather be related
bond, but the degree of hybridization of thgoGnolecular 4 grientationally ordered and disordereg,Cages. On the
orbitals with the substrate electronic states, and the amoupfner hand, strong substrate restructuring has been found for
of charge transfer differ significantly from substrate to sub-C60 on Ni(110° and Au110°®. For individual G, molecules
strate. At high coverages, generally close-packed overlayers, Pd110 a recent STM study revealed thag@nolecules
evolve with a G intermolecular distance close to that of the yesjge on the (X 1) surface upon adsorption at intermediate
van der Waals bondedggsolid. Surprisingly, on some sub- e mperatures and sink into the substrate resulting in a much
strates different g species have been identified in scanninghigher C—Pd coordination upon thermal anneaffhg.
tunneling microscopySTM) data®!213The interpretation of Here we present an investigation on the bonding and
this observation is not unique: both electronic effects reflect—ordering of Go on a Pd110 surface using complementary
experimental tools: STM, low-energy electron diffraction
3Electronic mail: johannes.barth@epfl.ch (LEED), x-ray photoelectron spectrosco¥PS and x-ray
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FIG. 1. Series of STM images demonstrating the coverage-dependent orderiggoof Bd110) at elevated temperatur€800 K or as indicated (a) At low
coverage @ ,,~0.2) Gy stripes with a preferential width of two molecules form; Pd substrate atoms desorbing from the steps form Pd islands on the terraces

in between G, clusters.(b),(c) With increasing coverage a striped phase along[ﬂfﬁ)] substrate direction evolves which enlarges until nearly the entire
surface is covered. Note that in the striped phase there are one or two dark rows between brigtt Wfedisordered phase of alternating bright and two dark

rows anng{lTO] (annealed to about 970)Kvhich will be referred to as triple-stripe phae the center of the image there is an atomic stég) Saturated

monolayer with alternating bright and dark molecular raqasnealed to about 920)KTwo domains rotated by about22° with respect thTO] exist on
the Pd110 surface.(f) Upon annealing to 1050 K, thegg&molecules desorb without decomposition, whereby stripes with a preferential width of two
molecules remain.

photoelectron diffractionXPD). The evolution of the g  saturated physical monolaye®(,=1 ML), where the ratio
films was followed in detail and three well-ordered structuresof adsorbed molecules per Pd surface atom is 0)12:1
evolving at elevated temperatures were identified by STM

and LEED. The STM observations indicate furthermore that

a substrate reconstruction is at the origin of bright and dark!l- RESULTS AND DISCUSSION

Cgo rows observed in regulargfilms. XPD results reveal First the evolution of the physical monolayerCon
that the Ggmolecules are generally oriented in the same Wayb§110) is addressed. 4 has been adsorbed on the(PtD)
facing with a 5-6 bond towards the substrate. surface held at room temperature followed by a high-

temperature annealing cyd@00 K or as indicated Evapo-
ration of G, on a Pd110) surface held at the respective high
temperature is equivalent. Elevated temperatures are neces-
The experiments were performed in two different ultra-sary to produce well-ordered structures. In Fig. 1 a series of
high vacuum(UHV) setups. For STM a home-built variable STM images illustrating the growth of (g on Pd110) is
temperature STM operational in the temperature range 40feproduced.
800 K was employed. It is incorporated in a standard UHV At low coverage$ ® ,,~0.2 in Fig. 1a)]. Cso molecules
chamber with a base pressuree®x 10 1°mbar. The XPD  are arranged in stripes with a preferential width of two mol-
and LEED experiments have been performed in a modifie@cules oriented roughly perpendicular to the close-packed Pd
VG ESCALAB Mark Il spectrometéf with a base pressure rows. On the flat terrace, Pd islands are folisame height
in the lower 10 Y mbar region. The same Pd0 crystal of 1.4 A as Pd110) monatomic stegswhich are edged by
was employed for all experiments. It was prepared by cycle€g, clusters. This signals strong lateradg€Pd interactions,
of argon ion sputtering700 eV, 4uA/cm?) and subsequent since Pd islands on flat terraces do not form in the absence of
annealing(1000 K), resulting in large defect free terraces of Cg, The Pd island formation reflects the presence of mobile
typically 1000 A width. G, was deposited by a conventional Pd adatoms in the terraces at elevated temperatures. During
Knudsen cell at background pressures~d6x 10 °mbar.  the cooldown, the & molecules aggregate into clusters and
The employed deposition rate wasl X 10 °ML/s as cali-  simultaneously pin the metal adatoms. The imaging height of
brated by STM and XPScoverage given in terms of the the Gy molecules (3.10.2) A is much lower than expected

Il. EXPERIMENT
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from the hard-sphere diametéf.1 A). A similar value has
been reported recently for isolategy@nolecules on PA10
annealed to high temperatures. STM imaging heights of ad-
sorbed G falling significantly below the diameter of the
carbon atom cage are a typical finding, and values in the
range 2—6 A have been reported for various systéoiis
Refs. 5, 17-18 With the present system, the value of the
imaging height is moreover indicative of a substrate recon-
struction, where g, molecules drive the formation of micro-
scopic pits, as revealed in a recent STM investigatton.
These vacancies are two Pd layers deep and oriented along

[110]. In contrast, upon deposition at temperatures below
500 K, isolated G is bound on the RA10(1Xx 1) surface
and typically appears as a 5.5 A protrusfdsjmilar with the
system Go/Si(111)(7 % 7).2° In the image reproduced in Fig.
1(b) almost the entire surface is covered with preferentially
two molecule wide @, stripes. They are oriented roughly
perpendicular to the close-packed Pd rows, i.e., along the
[001] direction. In view of the preferential adsorption of iso-
lated Ggo molecules in vacancies alorid 10], one might
expect the formation of troughs in a missing row reconstruc-
tion, which would result in a linear ordering ofggalong

[110]. Apparently this is not the case and it is thus sug-
gested that the surface reconstruction remains local as in the
case of G, on Au(110).% The islands’ ordering is associated
with indirect interactions mediated by elastic distortions of
the substrate latticanalogous to mesoscopic ordering phe-
nomena driven by elastic distortions at other substrates, ei-
ther pristiné®~2??or adsorbate-coverét?. In addition to the
stripes, patches of a well-ordered phase consisting of alter-

nating dark and bright molecular rows oriented alpadO]

are discernable. Neighboring dark and bright rows are shifted
by half a Gy molecular width resulting in a local quasihex-
agonal arrangement, whereas neighboring dark rows are inG. 2. (a) Surface roughening due to Pd mass transport in the presence of
phase. Ceo- Upon annealing, a multilayer film too moderate to reach the equilib-

Upon increasing the coverad€&ig. 1(c)] the strined rium structure(720 K), a corrugated irregular metastable monolayer struc-
P 9 Q[ 9 1( )] P ture consisting of small £ patches is formedb) Detail image of(a) show-

phase along110] is covering nearly the entire surface. ing the local quasihexagonal ordering of the,@olecules. The height
There are regions where dark and bright rows are alternatingjfference between neighboring patches corresponds to that of a monatomic

and others where there ateo dark rows between bright Substrate step.
ones. Upon annealing to about®K a well-ordered phase of

alternating bright and two dark rows alofd10] extends acterized by a typical imaging height of (&D.2), (4.6
over the entire surfacfef. Fig. 1(d)] (in the center of the +0.2), and (5.5:0.2) A with respect to the substrate, re-
image there is an atomic stepThe height difference be- spectively.
tween bright and dark rows is about (+8.2) A, coming In contrast to RL11) and Ni110), where the G mol-
close to the substrate step heigtit38 A). This single- ecules have been found to decompose at 1050 K and 760 K
domain structure, which will be referred to as triple-striperespectively’?® on Pd110) Cg, can be desorbed without de-
phase, will be discussed below in more detail. Further intomposition at about 1050 K. Prior to complete desorption
creasing the coverage leads to another well-ordered phase 1100 K) clusters of a preferential width of two molecules
extending over the entire surfaief. Fig. 1(e)]. It consists of  remain, and finally, an almost clean Pd surface with some
alternating dark and bright rows. The rows are rotated byc,, molecules adsorbed at the upper step edges is obtained.
about =22° with respect td 110] and thus two domains This is remarkable as both palladium and nickel are group
exist. Since no additional molecules can be adsorbed in th€lll d-metals in the same column of the periodic system
first layer, this phase will be referred to as rotated-stripewith similar electronic structurgalmost full d-band. On
phase as discussed following in more detail. noble metal surfaces, e.g., Aill), thermal desorption of
The data shown in Fig. 1 demonstrate in conjunctionCgq leaving a clean surface behind was reported and already
with the observed metastablegfCconfiguration reported occurs at temperatures of about 77G%.
earlier’® that altogether three topographically distincg,C The low-coverage phase presented in Fig) indicated
species can be found on a (R0 surface, which are char- that the mobility of substrate atoms interferes in the evolu-
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FIG. 4. Model of the typical 5—6 bonding configuration qf,@n a fc¢110)
FIG. 3. XPS of the carbon €l peak (using MgK, radiation, %o surface. The upper leftg molecule is centered on a bond between a five-
=1253.6 eV of a multilayer G, film annealed to different temperatures and a six-membered rin@irawn in black; the 5-6 bond is aligned along
normalized to photon fluxthe multilayer peak is divided by 25 for com- [001]. The lower right G, molecule is rotated away from the high-symmetry
parison. The multilayer sublimates at 570 K; the saturated monoléger ~ bonding configuration by an azimuthal angkeand a polar tiltd. The situ-
fined as®,,=1) is stable up to about 920 K. Further annealing leads toation upon thermal annealing is shown, wherg @duces a local recon-
stepwise losses at approximately 950 R {=0.85) [measurement per- ~Struction of the P10 surface and is acco'mm'odated in microscopic pits
formed with a different pass energy, here a simulated spectdashed  (here taken one-layer deeprhe corresponding increased C—Pd coordina-
gray) is included for illustratioh and at 1000 K ©,,=0.75). At 1050 K tion is illustrated in the side view alor{§01].
most molecules are desorbed. The characteristic shift between multilayer
and monolayer peak positions is indicated by the dashed lines.

an experiment are depicted. The spectra have been taken

with an MgK, source w=1253.6eV), an analyzer pass
tion of G4 films on Pd110. This is corroborated by the energy of 20 eV, corresponding to an overall energy resolu-
STM topographs depicted in Fig. 2 showing a monolayer otion of ~0.8 eV, and are normalized to the same experimen-
Ceso On Pd110) which has been prepared by annealingsg C tal conditions and incident photon flux. For comparison the
multilayer film to 720 K. This temperature is insufficient to multilayer peak is divided by a factor of 25. At about 455 K
obtain long-range ordering and a metastable situation is emultilayer desorption sets ffi. Spectra taken following an-
countered. In particular, it is obvious that two originally flat nealing to temperatures in the range 570—920 K are identical
terraces have undergone a substantial roughening under thad associated with a saturated monolayer. Further annealing
influence of the adsorbed molecules. Only upon further anto ~950 and~1000 K leads to stepwise losses qf,Gound
nealing to 920 K the well-ordered monolayer structure rep4in the monolayer film. Finally, upon reaching a temperature
resented in Fig. () evolved in large regular domains. This of ~1050 K, only a small amount of carbon remains on the
observation provides clear evidence that substantial Pd atosurface.
rearrangements are involved in the formation of the well-  The multilayer C% peak is centered at, 5=969.8 eV
ordered structures. In the detail image of Fi¢h)2he local  with a FWHM of 0.8 eV, whereas the monolayer peaks are
quasihexagonal ordering of thezgdCmolecules is revealed. shifted by 0.4 eV to 970.2 eV with a FWHM of 1.1 eV and
The height difference between neighboring patches correan asymmetric line shape towards higher binding energies.
sponds to a monatomic substrate step. Surface reconstructi®milar results have been reported, e.g., fgg @& Au(110),
going along with large substrate mass transport has similarhAg(111)° and on P111)’. One origin for the different G4
been observed forgadsorption on anothekmetal, namely peak positions might be theggcharge state, since for a
Ni(110.2 negatively charged molecule the photoemission line shows a

The most reliable way to follow the evolution of the chemical shift towards lower binding energfe®n the other

different well-ordered structures of g6 on Pd110) is hand a so-called relaxation shift, reflecting the metal-
multilayer deposition and subsequent annealing to increasubstrate screening of the core hole created in the photoab-
ingly higher temperature¢for the present experiments an sorption process, is typical for molecules interacting with
annealing time of 60 seconds was chgsdn Fig. 3 the metal surface$® For n-hexatriacontane, a saturated hydro-
corresponding x-ray photoemission £fpeaks during such carbon, adsorbed on Cill) the shift of 0.8 eV is much
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FIG. 5. (a) STM image of the triple-stripe phasmultilayer G, annealed to 1000 Kconsisting of alternating bright and two dark rows oriented a[dntf].

In the corresponding LEED patterrE&38.1eV) the simulated spots for a X8) structure are overlaidb) Experimental C& XPD pattern (ki

=970 eV) and SSC calculation for the optimized molecular orientation which fits the experimental dafafaldter plot obtained by azimuthal rotation and
polar tilt of the Gy molecules away from the symmetric 5—6 orientation, as schematically shown in Fig. 4, yields a molecular orientatipn ©{5

+2)° (the symmetric 5—6 bond correspondséte 20.9° and¢=90°). (c) Suggested real-space model: The bright molecular rows seen in STM correspond
to Cyo molecules adsorbed in a vacancy formed by Pd atoms released out of the first layer. The dark molecular rows corregporaleicu@s adsorbed

in a vacancy formed by Pd atoms released out of thetfirgiayers. On the right side theggmolecules are omitted to illustrate these vacancies. In the side
view along[001] the alternating dark and bright rows are clearly discernible. The unit cell contains thyeso@cules, the area per{molecule amounts

to 77.3 & fitting well to the measured Glintensity of 75% with respect to rotated-stripe phésaturated monolaygr

larger, but in this case all C atoms are in the proximity of theWe have determined the molecular orientation of the ad-
substraté® The broadening of the g monolayer peaks is sorbed G, with high precision by x-ray photoelectron dif-
thus associated with nonequivalent carbon sites on the mofraction. XPD patterns are a real-space “fingerprint” of the
ecule and/or creation of electron-hole pairs. For a detailednolecular orientation, by symmetry arguments alone, restric-
analysis of @, Cls peak positions and line shapes see Reftions of the possible molecular orientations can immediately
7. Defining the coverage of the film annealed to 570—-920 Kbe made. Guidicet al. speculated that different molecular
as 100%(saturated monolaygrthe coverage of the films orientations are responsible for dark and bright rows seen in
annealed to 950 K and 1000 K can be determined from th¢he STM images of g on Ag(001).23 With the present sys-
integrated peak intensities to be 85% and 75%, respectivelyem the rotated-stripe phase consists of alternating dark and
Upon annealing to 1050 K the remaining coverage amountbright rows, whereas in the triple-stripe phas® dark rows
to 14%. exist in between bright rows. The different ratios of these
In the following we will focus on the well-ordered struc- two species of 2:1 in the triple-stripe and 1:1 in the rotated-
tures. In addition to STM observations, LEED and XPD stripe phase of g on Pd110) allows one to directly check
measurements have been performed to characterize the birtthis hypothesis with the present system. As the XPD patterns
ing and ordering on the local and mesoscopic scale. Thare related in a straightforward way to the orientation of the
molecular shape of g consists of 5- and 6-membered rings, Cgq molecules, it immediately follows that they should be
and in recent work, it has been suggested that the internalifferent for the two well-ordered phases if the molecules
molecular structure in STM images can be used to determineithin dark and bright rows were oriented differently. A va-
the molecular orientation of adsorbed,G**°-32But this is  riety of Cy, cage orientations have been observed by XPD
a quite delicate procedure, strongly dependent on the natufer the different single crystal metal surfaces studied so far.
of the STM tip and requiring elaborate model calculations.On Cu111) and Al(111), Cqq is adsorbed on a six-membered
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sulting in a single domain on the BAd.0) surface. Neighbor-
ing dark and bright rows are shifted by half a molecular
width and snap in, whereas neighboring dark rows are in
phase. The height difference between dark and bright rows is
(1.5+0.2) A which is approximately the height of a mon-
atomic step on the R#10) surface(1.38 A). This height
variation is independent of the tunneling parameters and is
thus interpreted as topographic difference. The LEED pattern
is easily determined to be a rectangularx(@) structure
(simulated spots are overlajcconfirming that the g, rows

are aligned parallel to the close-packed Pd rows along
[110].

The corresponding XPD measurements are represented
in Fig. 5b). The anisotropy of the pattern taken at room
temperature reflects a high orientational order of thg C
cages and rules out the possibility of freely rotating “bucky-
balls.” Single-scattering cluste(SSQ calculations per-
formed for different high-symmetry orientations on a two-
fold substrat® reveal that the XPD pattern is typical for a
5-6 bonding configuratioiicf. Fig. 4). In order to exactly
determine the molecular orientation, we have performed an
extensiveR-factor analysis comparing the experimentaksC1
diffraction pattern to SSC calculations, allowing thg, @ol-
ecules to rotate away from the ideal 5—6 orientation. The
SSC calculations for the optimized molecular orientation and
the resultingR-factor plot are shown as well in Fig(l5H. The

(001] SSC calculations nicely reproduce the experimental data. As
can be seen from th&-factor plot obtained by azimuthal
FIG. 6. (a) ST™M image showing domains of alternating bright and dark rotationA¢ and polar tiltA 6 of the Gy, molecules away from
rows along[ 110] prepared by submonolayegdeposition at 720 K. This the symmetric 5—6 orientatiofcorresponding tof=20.9°

structure covers the entire surface whenggBultilayer film is annealed to  ano . . _
T=950K. In the corresponding LEED patterg< 38.1 eV) the simulated and ¢=90°), the best agreement is achievedap=*(5

(4x5)-spots are overlaidb) Real-space model: Dark and brighg,Cows +2)°. An identical azimuthal rotation is reported forglC
can be similarly explained as in the triple-stripe phffee a detailed de- adsorbed on (3(1110)_4 The polar tilt Ag is basically 0° for
scription see the caption of Fig(&]. The unit cell cc;nt_ai_ns two £g mol- the present case, whereas On(ﬂlﬁ)) the Cﬁo molecules are
ecules, the area per_egmolecule a_mounts to 107.0%Aitting well _to the tilted byAGz +4.5° (inclined towards the bottommost pen-
measured C4 intensity of 85% with respect to the rotated-stripe phase ) .
(saturated monolaygr tagon. The XPD results show that there is a uniqug €age
orientation.
As already pointed out in the description of the growth

ring, on A(00D on a C edge atom. On fcc surfaces such ascenario, the rearrangement of Pd substrate atoms plays a
Cu(110 and Ni{110® a 5-6 bond orientation was crucial role in the film evolution. Furthermore, for isolated
reportedl.*“ This Configuration is illustrated in Flg 4: the CGO molecules on P(d_]_O), a therma”y activated bonding
molecule faces to the substrate with a five- and a siXtransition has been reportédpon annealing te=700 K the
membered ringdrawn in black of the G, cage. The 5-6 C,, molecules accommodate in microscopic pits resulting in
bond was found to be aligned along tf@01]-direction of  a higher C—Pd coordinatidp. It is hence concluded that the
the fcq110) surfaces:* We show the situation for g mol- different heights of bright and dark rows are due to a surface
ecules inducing a hypothetic local surface reconstruction ofeconstruction.
Pd(110), where G, are accommodated in one-layer deep mi-  With the real space model presented in Fig) 5which
croscopic pits(for the isolated stabilized species two-layeris based on geometrical reasoning, all aspects of STM,
deep pits were conclud&d. The corresponding increased LEED and XPD data are rationalized. Whereas the bright
C—Pd coordination can be seen in the side view a[@¥].  molecular rows are composed of@nolecules adsorbed in a
The Gg molecule shown in the lower right of the model is vacancy formed by released Pd atoms of the first layer, the
slightly rotated away from the high symmetric 5—6 bondingdark molecular rows consist ofggmolecules adsorbed in a
configuration by an azimuthal angt®and a polar tilt6. vacancy formed by Pd atoms released out of the first

Figure %a) shows an STM image and the correspondinglayers. On the right side theggmolecules are omitted to
LEED pattern of the triple-stripe phase evolving upon an-jlustrate the different vacancies. By analogy to the low-
nealing a G, multilayer on P@110) to 1000 K. The coverage coverage situation on PHLO) [cf. Fig. 1(b) and Ref. 15and
determined by means of XPS amounts to 75% relative to théhe structure reported for theggAu(110) systenf, the re-
saturated monolayer. In STM this structure consistswaf  construction is assumed to remain local and thus isolated
dark rows in between bright ones running aldridlO], re-  vacancies are used in the real space model and no extended

(a)

(b)
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FIG. 7. (a) STM image of the rotated-stripe phase. Alternating bright and dark rows are rotated by about 22° with regp&6{ tand shifted by half a
molecular width. In the corresponding LEED pattef<(38.1 eV) the simulated spots of the - 2) structure[2 domains, cf. Fig. ()] are overlaid.(b)
Experimental C& XPD pattern (k;,=970 eV) and SSC calculation for the optimized molecular orientation which fits the experimental dafafalher plot
obtained by azimuthal rotation and polar tilt of thgo@nolecules away from the symmetric 5—6 orientation, as schematically shown in Fig. 4 yields a
molecular orientation oA ¢p= +(5*2)° (the symmetric 5—6 bond correspondsate 20.9° and¢=90°). The XPD data are comparable to the ones for the
triple-stripe phase represented in Figh)5 (c) Real-space model: Dark and bright@ows can be similarly explained as in thex%) and (4x8) structure.

For a detailed description see the caption of Fig).5The unit cell contains four & molecules, the area per,@molecule amounts to 88.2%2A

troughs alond 110]. Note that in contrast to the x-ray dif- vacancy(as the stable £ specieg Cg, molecules in the
fraction analysis performed for the;g2Au(110) system, the bright rows in a one-layer deep vacancy, and the metastable
detailed atomic arrangement of the reconstructed substratg;, species on top of the unreconstructed 86 surface.
cannot be conclusively unraveled on the basis of the presemthe G;, molecules are facing with a 5—6 bond to the surface
results. However, the chemical reactivity of thgy@cets  which is rotated byA =+ (5+2)° away from the[001]

and the preference of a distinct bonding configuration for thejirection as determined by XPD. The brighg,Gnolecules
adsorbed g molecules indicate that local pits are formed asgre centered in a local quasihexagonal structure with an in-

with the Au(110 substrate. . T
. . . termolecular distance of 11.0 A alod 10] (10% expan-
The alternating dark and bright rows are clearly discern- fig 10] (10% exp

ible in the side view alon§001] [cf. Fig. 5c)]. The geomet- sion with respect to the close-packed plane in_aa@yS_tab

ric height difference between the rows corresponding to &"d 113 A alon§445] and[445] (12% expansion(taking
monatomic steff1.38 A is in agreement with the observed the STM height difference of 1.5 A into accoynthe dis-
height difference of (1.50.2) A in STM images. The g  t@ance between nelghborlng dark_ rows amounts to 11.7 A
molecules in the dark rows are assumed to be identicallyf & area of the unit cell containing threg,amolecules
bound as the stable,gspecies at low coveragésf. Ref. 15 ~ amounts to 342.3 Agiving 114.1 & per molecule, which
explaining the similar observed height of (3.0.2) A. This fits well to the XPS-derived density.

geometry allows for strong bonding due to high C—Pd coor- ~ These observations are in line with the significant inter-
dination. The G, molecular height in the bright rows is facial restructuring upon £ adsorption on NiL10 via the
(4.6+0.2) A, i.e., just in between the one of the stable andaddition/removal of N[001] rows reported by Murragt al®
that of the metastable g species found at low coverage. The corresponding increase of thgy@oordination to the
This can be rationalized with the proposed mode|; @ol-  substrate was associated with the energetic proximity of the
ecules in the dark rows are adsorbed in a two-layer deefg; LUMO and metald-states leading to strong hybridiza-
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TABLE I. Main characteristics of the regular phases formed in thg/R(110 system.

Phase Unit cell  TammeainglK] ~ Coveragd ©,,]  Area per Go[A?]  Cage orientation
Rotated-stripe ( 7 _1) 920 1 88.2 5-6 bond
_ Ap==(5%2)°,
\F2 =5 A9=(0+1)°
(4%5) (4x5) 950 0.82 107.0
Triple-stripe (4x8) 1000 0.77 114.1 5-6 bond
Ap=+(5+2)°,
Af=(0%1)°

tion. In view of the related electronic structures of nickel and7(b)], unambiguously demonstrating that the orientation of
palladium, especially the almost fudiband, and the compa- the G, cages in the dark and bright rows is identical. Con-
rable work functions of 5.04 eV and 5.13 &Va similar  sequently the real-space model represented in Fig. fér
argumentation can be invoked for the(PH)) surface. the rotated-stripe phase is proposed. The angle between the

The well-ordered structures were prepared by sIowaC60 rows and 110] is 22.0°, and the corresponding angle of
heating a G multilayer on P@110) in front of the LEED  44° petween the domains fits well with the measured value
optics until a clear pattern could be observed. At abbut of ~45° in the STM data. The molecular stripes of the phase
=950K a second structure showing sharp LEED spotgan pe explained with an analogue surface reconstruction as
e\{olves[cf. Fig. 6@)]. The LEED pattern is easily deter- ¢5; the (4x8)- and (4x5)-phases. Note however, that
mined to be a (&5) structure(simulated spots are over- \yithin a molecular row both fourfold hollow and long-bridge

laid). This structure is associated with th@oarrangemer_wt _sites(shifted by half a lattice constant [ 10]) have to be

) ) — dssumed in the rotated-stripe phase, whereas in theBj4
of alternating dark and bright rows aloid10] on small 54 (4x 5)-structure, all sites are identical. The height dif-

areas is. reproduceftf. Fig. 1(c)]. AS, in the case of the (orence petween the two different adsorption sites@®2 A
triple-stripe phase, the rows are aligned elmlong.the cIose«I—n a hard-sphere model, which is small compared to the
packed Pd rows anq thus only one domain exists on thﬁeight difference of (1.80.2) A between dark and bright
Pd110 surface. In Fig. @) a real-space model compatible molecular rows. Pedersagt al. report of G, on CU(110).2

with STM ar_ld LEED observations is pr_esented. Similar tOThey find a height difference of about 0.1 A between adsorp-
fche 'Frlple-stn_pe phase the accommodation .Of the_ m0|eCUI.eﬁon in fourfold hollow and long-bridge sites only in high-
in microscopic pits explains the observed height difference Nesolution STM images. In our STM data this feature was not
STM in a natural way. The & molecules are centered in a )

. . ; observed. In -stri -
local quasihexagonal structure with the same intermolecular the rotated-stripe phasg, @rms a close

distances as in the triple-stripe phase. Twg Bolecules are pgcked quasinexagonal overlayer that is expanded. by 1%
in the 214.0 & large unit cell giving 107.0 Aper molecule. with respect to the bulk g close-packed plane. The inter-
An XPD analysis of this phase was not performed. molecular distances are 10.38 A alofg72] (3% expan-

Upon annealing a & multilayer to 920 K, the physical Sion, 9.89 A along[115] (1% compressionand 10.17 A
monolayer remains saturated and the rotated-stripe phaseatong[221] (1% expansion(taking the STM height differ-
formed. In the corresponding STM data, alternating dark angénce of 1.3 A into accountSimilar behavior has been re-
bright rows which are rotated by abot22.0° with respect ported for Gy adsorption on other single crystal metal
to the[ 110] surface direction are resolvéd:. Figs. 1e) and  surfaces®****3"Suptle variations in the hexagonal over-
7(a)]. Locally, the G, molecules form a close-packed quasi- layer structure have often been observed, but the byl C
hexagonal arrangement. Due to the twofold symmetry of thé\N distance is, in most cases, closely retained. FgydD
PA110) surface, two superstructure domains exist. NeighborCu(110) the intermolecular distances vary from 9.6 A to 11.1
ing rows are shifted by half a molecular width and snap inA, depending on which neighboring pairs are considéred.
The height difference between dark and bright rows is (1.3rhe 353.0 & large unit cell in the rotated-stripe phase con-
+0.2) A, which is about the height of a monatomic step ontains four Gy molecules, giving 88.2 Aper molecule. This
the Pd110) surface(1.38 A). The corresponding LEED pat- Yields a calculated coverage of 77% and 82% for the (4
tern reflects the two domains visible in STM datd. Fig. X 8) and (4x5) structureqcf. Figs. §c) and &b)] respec-
1(e)]. The corresponding unit cell is determined th(;%), tively, in good agreement with the values of 75% and 85%
where =5 and 2 accounts for the two possible domain determined by means of XPS.
orientations. The simulated spots for this structure are over- Finally, we address the cage orientation ig, @ilms
laid in the LEED pattern; spots from the two domains areformed at room temperature. In this case a metastable bond-
indicated in black and gray, respectively. The correspondingng configuration was observed by STM, where the mol-
XPD measurements are represented in Filj). Despite the  ecules are residing on the Pd(110)(1) surface"® A corre-
different stripe orientations and the different ratios of darksponding XPD/SSC analysis performed for a coverage of
and bright rows in the rotated-stripe and the triple-stripe® ,,~0.4 reveals that again the 5-6 bonding prevails. How-
phase, their XPD patterns are compardlofe Figs. §b) and  ever, subtle differences with respect to the well-ordered lay-
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