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The geometric and electronic structures @f @dsorption on A(L11) surfaces have been studied by low-
energy electron diffractiofLEED), angle-resolved photoemission, and near-edge x-ray-absorption spectros-
copy. An irreversible structural transition of the;overlayer on A@l1l) was observed by LEED upon
successive annealing. These structures ave38“in phase,” R14° and (23X 2v3)R30°, with the latter
phase predominating after annealing to 350 °C. Valence-band photoemission spectra reveals a state right below
the Fermi level for an annealed, ordered monolayer. This peak disperses across the Fermi energy that indicates
the G, overlayer becomes metallic. Its intensity shows a resonance that primarily follows the behavior of
highest occupied molecular orbitals, identified unambiguously as lowest unoccupied molecular orbitals
(LUMO's) filled by charge transfer from the substrate. An asymmetric distribution of LUMO charge is ob-
served. The thermal-desorption energy of the monolayer is estimated from annealing experiments to be 1.9 eV,
which is 0.5 eV larger than the desorption energy from multilayers. Comparison with available spectroscopic
data indicates that interaction ofgwith Au(111) is slightly weaker than with A(110), and much weaker than
with Cu(111). The amount of charge transfer estimated from photoemission is 0.8 electrong,meol€cule
on Au(111), compared to 1.6 electrons on @&1). We argue that charge transfer is determined by the gulk
density of states at the Fermi energy scaled by the size of ghenGlecule, and also modified by a clean
surface electronic structure, and that charge transfer is the dominant interaction in these systems.

[. INTRODUCTION energies by high-resolution electron-energy-loss spectros-
copy (HREELS in Au(110,° Ni(110),'® and C111),%° or

The interaction of g, with metal surfaces, or the nature by shift of carbon core-level absorption spectra using EELS
of their chemical bonding, has recently attracted muchin Au(110),° and using new-edge x-ray-absorption spectros-
interest:~2> One reason for this is the discovery of the su-copy (NEXAFS) in Cu(111),*° compared to shift of alkali-
perconductivity of alkali-doped compountfs?’ In these doped compounds where the amount is kndtvor by a
compounds it has been proved that there exists charge trangdirect comparison of relative photoemission intensities in
fer from alkali atoms to the unoccupied molecular orbitals ofAg(111) (Ref. 12 and C111).1° In cases of Al111) (Refs.
Ceso- The most direct evidence of this is the gradual filling of 23 and 2% and P¢111),}” where no sign of charge-transfer
the lowest unoccupied molecular orbit@lUMO) observed peaks could be observed, or the opposite direction of the
in a combined study of photoemission and inverse photoshift in NEXAFS or HREELS was measured, covalent bond-
emission. In this study a peak of the density of statesng was instead proposed to explain the experimental results.
emerges right below the Fermi level in photoemission, at théThe G, overlayer structures have also been studied by scan-
expense of the disappearance of unoccupied states detectdidg tunneling microscopy(STM) on a variety of metal
by inverse photoemissicfi.The amount of charge transfer is surfaces'® Information about charge transfer can be
closely related to transport properties. For example, for theleduced® In this regard the character of the overlayer-
potassium fluoride KCqo the compoundk=3 is metallic  substrate interaction is crucial to understanding the initial
and shows superconductivity below 242%¢” while other  growth of films®
compounds are insulators. For systems gf &lsorption on For a number of reasons we choose(Kll) as the sub-
metal surfaces, it is often concluded that charge transfer alsstrate to study the electronic and geometric structuressef C
occurs from metal substrate to the molecules. A chargeeverlayers. First, there exists a bulk-projected band gap
transfer peak has been observed by photoemission iaround the Fermilevel at the surface Brillouin-zone center in
Ag(111),"713Cu(111),° and Cu and Ag film$;* but not in  Au(111), similar to these for C{@11) and Ag111). A
Au(110).° The amount of charge transfer on a metal surfaceharge-transfer peak has been observed in photoemission in
has been measured indirectly by a shift of, @ibrational the latter two systems due to the low background emission

0163-1829/2000/68)/226310)/$15.00 PRB 61 2263 ©2000 The American Physical Society



2264 TZENG, LO, YUH, CHU, AND TSUEI PRB 61

from the substrat&®12Second, detailed studies on the elec-formation as a function of annealing temperature. A LEED
tronic structures of gz on Cy11l) (Ref. 10 and AU110 pattern at 10-eV incident electron energy for a film of about
(Ref. © have been carried out, and the amount of chargel ML of Cq,deposited at RT is shown in Fig(a). We found
transfer on Agl1l) (Ref. 12 and polycrystalline surfaces of that the LEED pattern of the &g overlayers could only be

all three noble metal¢Ref. 4 has also been reported. A observed when the kinetic energy of the incident electron
study on A111) would enable us to compare the interaction beam was less than 30 eV. A higher incident electron energy
of Cgo On the same surfaces but on different noble metalscaused a higher background and, as a result, the LEED spots
and on different surfaces but the same metal, and compatsecame difficult to see. The observed 18 spots can be clas-
polycrystalline surfaces with single-crystal surfaces. Third, asified as three groups of hexagons with axes either aligned or
STM study reported an in-phase incommensurate structur@ith an approximately+14° azimuthal rotation with respect
and a commensurate {2x2v3)R30° structure in the to the clean substrate LEED pattern, displayed in Fig).1
monolayer region, but no LEED patterns could beThe former phase is called an “in-phase” structure that con-
observed? while another x-ray-diffraction study of thick ep- sists of a 3& 38 substrate unit cell containing ¥1L1 Cg,
itaxial films found a third structure oR+14° that could molecules’ The rotational angle of thR14° structure may
become dominant, depending on the growth temperéture. vary slightly, as has been examined by x-ray diffracfidn.

In this paper we report a LEED observation of all threeThe intensity modulation of the in-phase aRi4° structures
structures upon annealing, probing of the electronic structurgre similar in the range of 7—25-eV electron energies, indi-
using angle-resolved valence-band photoemission, carbagating many domains of epitaxially grown multilayers,
core-level photoemission, and NEXAFS, and a thermalwhich suggests that the LEED patterns observed also corre-
desorption measurement. We found that the interaction ofpond to the structure of the first monolayer. The intermo-
Ceo With Au(111) is still chemisorption, but the weakest lecular spacing of g is estimated to be about 10 A, deduced
among the metal surfaces studied so far. The amount dfy comparing G, LEED spots with the substrate LEED pat-
charge transfer is measured and, by comparing with existingsrn.
studies on noble-metal surfaces, we conclude that charge Figure Xb) shows the LEED pattern of the same film after
transfer from substratgp electrons dominates the interaction annealing to 200°C and back to RT using 8-eV incident
in these systems. electrons. A structure appears in this LEED pattern with a

rotated angle at 30° compared with the in-phase structure,
Il. EXPERIMENT and is identified as a (8 Xx2v3)R30° structureé? Unlike

The experiment was carried out at the Synchrotron Radial’® in-phase . and R14°  structures, g in this
tion Research Center in Hsinchu, Taiwan using low-energy2V3 < 2v3)R30° structure forms a commensurate overlayer
spherical grating monochromator and high-energy sphericdl" the unreconstructed ALY surface. Itis belléezved to be a
grating monochromator beamlines. Photoemission was dori@érmodynamically favored structure on Ad1).** We note
in an ultrahigh-vacuum chamber equipped with LEED, and 4hat the intensity of the in-phase spots decreases relative to
200-mm-radius hemispherical analyzer aligned with a fixedh® R14° structure, "’c‘)”d the new {2x 2v3)R30° spots are
50° angle to the incident photon beam with a base pressur@S intense as th14° spots.
of 1x 10 %torr. The angular acceptance can be controlled The LEED pattern using 19_—eV electrons after an _anneal—
by an adjustable aperture and it wad® for angle-resolved N9 to 350 °C is displayed in Fig.(d). Only 1 ML remained
valence-band photoemission measurements. Photon energfs the surface. Although the LEED spots of the three ob-

from 22 to 60 eV were used. The overall energy resolutiorp€rved structures show different intensity modulations at dif-
was 0.1 eV at 22 eV and 0.14 eV at 60 eV. For Ecbre-  ferent incident electron energies due to the substrate effect,

level photoemission, an acceptance angle-8f was used, We can still identify (23X 2v3)R30° as the most dominant
and a photon energy of 330 eV was chosen to maximize thatructure. The othe_r two structures dlsappeared_almost com-
intensity. The overall energy resolution was better than 0.4£!€tely after annealing to 420 °C. Further annealing causes a
eV. For the C 5 NEXAFS measurement, total electron yield Weakening of the intensity of the {2X2v3)R30° LEED
detection was used, and the signal was normalized to thgPOts and a simultaneous recovery of the substrate pattern,
photocurrent from a freshly evaporated Au mesh placed ifndicating desorption of g molecules. Final annealing to
front of the sample. The incident angle was 50° to the sur#80 °C results in a clear substrate pattern only. In summary,
face normal. The crystal was cleaned by cycles of 1.5-ke\PUr LEED study indicates that thegCmolecules form in-
Ar-ion sputtering and annealing. ThegCevaporator has Phase andk14° structures on Ad1l) surfaces at RT. An-
been described previoust) Evaporation and measurements Nealing transforms the in-phase structureRA° structure,
were done at room temperatufBT). The Gy, monolayer ~and then to a (23X 2v3)R30° structure. .

could be prepared by annealing a sample to 300 °C to desorb Our LEED observation is in general agreement with the
multilayers. The unannealed ML film was calibrated by coreX-ray-diffraction study on thick films grown between 130
level intensity, thickness monitor reading, and the attenua@nd 290 °C¥ In this study the (23X 2v3)R30° structure

tion of surface state of Ad11). appeared only as a minor component and the in-phase and
R14° structures dominate at low and high temperatures, re-
IIl. RESULTS AND DISCUSSION spectively. On the other hand, we observed a large fraction

of R14° even at RT. This can be attributed to our much

lower evaporation rate~0.05 ML/min) than that used~22
We performed LEED measurements qf,©verlayers on  ML/min) in Ref. 40. The @ molecules would have enough

a Au(111) surface to study the evolution of structural trans-time to diffuse to the more stabR14° structure even at RT

A. Low-energy electron diffraction
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on Au(lll) deposited at RT at 10-eV electron
energy;(b) after annealing to 200 °C at 8 e\t)

after annealing to 350 °C at 19 eV, at which time
only 1 ML remained on the surface; afd) of a
clean AY111) surface at 150 eV.

(c) (d)

at a low evaporation rate. It is not clear why tR&4° struc-  metric line shape toward the Fermi energy is due to strong
ture was not observed in the STM stuthyit is not necessary positive dispersion and our finite angular resolution. Figures
to stabilize this structure by multilayers because it still exists3(b) and 3c) show spectra of g thin films about 1 and 1.2
after annealing to 350 °C, at which only one ML remains. ML, respectively. It can be seen that the surface state inten-
sity is very attenuated, while some new peak emerges right
o below the Fermi energy. After annealing the 1.2-ML film to
B. Angle-resolved valence-band photoemission 200 °C, which is not high enough to desorb the second layer,
The normal-emission spectra for a clean(Ald) surface, : : : : . :
a 1-ML Cyy-covered surface, and a 3-ML film are presented (© hv = 50 eV
in Figs. 2a), 2(b), and Zc), respectively. The peak group
between 2- and 7-eV binding energies in the clean spectrum
is due to the Aud band. Two strong peaks at 0.31) and
7.7eV (S2) are surface states in the bulk-projected band
gaps at the surface Brillouin-zone ceriterfFor the 3-ML
Cgo-covered surface, the Au features are buried completely,
and what can be observed are only the molecular orbitals of
Cso- We label the first four features by numbers as indicated.
Peaks 1 and 2 stand for the highest occupied molecular or-
bital (HOMO) and HOMO-1, and they are derived with an
angular momentunh equaling 5 and 4, respectively Fea-
tures 3 and 4 are mixtures af and o orbitals*® For the
1-ML film the C4y MO’s are barely discernible because of ( 52
direct overlap and hybridization with substrate valence
bands. One can still observe a shift of the MO’s towards the
Fermi level, and identify the small peak at 1.7 eV as HOMO
derived. Both surface states attenuate completely. Further, it
can be seen that a new peak appears right below the Fermi
energy.
In Fig. 3 we present details of the valence-band structure FiG. 2. Angle-resolved valence-band photoemission spectra
near the Fermi energy for several surface conditions. Figur@om (a) Au(111), (b) annealed 1-ML G, on Au(111), and (c) a
3(a) is for a clean A@l11) surface, and the peak at 0.3 eV is 3-ML Cg, thin film. Features 1 and 2 stand for HOMO and
the sp-derived surface stat8l, as stated above. The asym- HOMO-1, respectively, for the 3-ML film.

Intensity (arb. units)

Binding Energy(eV)



2266 TZENG, LO, YUH, CHU, AND TSUEI PRB 61

hv=350eV hv = 50 eV
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Binding Energy(eV)
FIG. 4. Valence photoemission spectra from an annealed 1-ML

FIG. 3. Valence photoemission spectra near the Fermi energy. thin film at different emission angles.

(@ for Au(112); (b) for 1-ML Cgp 0n Au(112); (c) for 1.2-ML Cgq

on Au111); (d) after annealing to 200 °C, anid) after annealing 1o jiite resolution both in the energy of 0.1 eV and the angle

300°C, at which time only_ 1 ML remained on the surface. All of +1° in the measurement. We note that this peak in the
spectra have been normalized to sample currents and plotted M rmal-emission spectrum has a low-eneray tail extendin
scale excepta), where the intensity has been multiplied by a factor P 9y 9

of 1/5 down to about 0.6 eV, where it merges into_a background,
' while the spectrum closest to the zone bounddrgt —5.5°
gontains only a Fermi-level step with a flat background. We
then subtract all other spectra by this background spectrum
second layer @ has diffused down to fill the vacant region aIigneq at 0.6 eV. The resulting difference spectra show that
of the first layer. This indicates that the first-layer—substratéhe tail of thg peak moves toyvard the Ferm| energy as the
interaction is stronger than the first-layer—second-layer interPolar angles increase, indicating upward dispersion. We es-
action, which is due to the van der Waals force. Furthefimate the Fermi-level crossing from the disappearance of
annealing to 300 °C to desorb the second layer causes tfig€ Peak intensity, and calculate the occupied charge associ-
new peak intensity to grow drastically, as revealed in Fig.2t€d with this, assuming only one band to be about 0.8 elec-
3(e). Although the film annealed to 200 °C might still contain TONS Per & molecule with an uncertainty 0102 electrons.
second-layer , these extra  molecules would only at- 1S i to be com%ared to 1.6 electrons pgg @olecule for
tenuate the emission intensity uniformly above the HOMO,Ceo 0N CU11D."™"We thus associate this band as one of
or 1.7 eV Therefore, the peak intensity of the 300 °C an-the three LUMO {;,)-derived orbitals, which transforms
nealed film is higher than the intensity of the 200°C an-like ap; orbital. The Fermi-level crossing is direct evidence
nealed film, which reflects the real electronic structurethat this Go monolayer becomes metallic. _
change of the first adsorbed monolayer. From LEED study it !N order to further confirm that the 0.1-eV peak is due to
is observed that the RT monolayer structure is mixed witharge transfer to the LUMO, we measured the normal-
in-phase andR14° structure, in which the g molecules ~€mission valence-band spectra including the HOMO of a
occupy many sites; further annealing causes the replacemeftML annealed film at various photon energies shown in Fig.
by the commensurate, single-site@< 2v3)R30° structure 5. It can be seen that the HOMO peak resonates in intensity
with larger domain size. Thus the growing in intensity of the& about 44 eV while the 0.1-eV peak reaches its highest
0.1-eV peak is closely related to the long-range ordering ofntensity around a S|mlla_r energy. This cros_s-secnona_l final-
the Gy overlayer and commensurability with the substrate,State resonance behaswor has been studied on thigk C
similar to the case of & on Cu(111) surfaces? films,*® single crystal4® and on the gas phaé®&Recently
The angular dependence of the emission spectra measurH_HES‘T resgn;anpes hwﬁr'?h ef>'<p|<’|:unte? sem|qu?]nt|'tat|lvely n
—— R simple models in which the final states are spherical waves
gl&? 9CFa'\r/1lneoatletgeméﬁ‘gglzyzeﬁ?l?ngaea?trtﬁgtulzrgrr:ioznetrgi/ .with a radial wave function in the form of spherical Bessel

_ e Runctions|, (kr).%” The initial-state wave function is local-
displayed in Fig. 4. The zone boundaw corresponds to a f

polar angle of 5.2°. It is clearly seen that the 0.1-eV peakIzed mal_nly atr~R,_whereR IS th_e radius of the £ mql-
ecule. Dipole selection rule and final-state wave function ar-

appears only in a small range around the normal—emissionurnents further restrig as the maior component. Thus
geometry, and quickly disappears away from normal emis? o, | P :

sion presumably due to dispersion across the Fermi leveffoss-section minima occur whén_ (kR)=0. The bottom
That we could not measure a finite dispersion is partly due téwo curves in Fig. 6 plot the intensity variation for a thick

the surface state disappears completely, leaving only th
peak at 0.1-eV binding energy, as shown in Fi¢d)3The
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Intensity (arb. units)
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- '2{0' 1 I5 - '1!0' N 0|5 00 Final State Energy (eV)

Binding Energy (eV
9 9y (V) FIG. 6. Photoemission peak intensities as a function of final-

FIG. 5. Photon energy dependence of valence photoemissiostate energy relative to the HOMO binding energy for a thick film,
spectra for a 1-ML @ thin film. These spectra have been normal- (open symbolsand a ML film (closed symbols from Fig. 5. In-
ized to sample currents. tensities for a thick film have been normalized to feature 4 shown in

Fig. 1 in each spectrum. All symbols are integrated peak areas

film as a function of final-state energy of HOMO-1 except the LUMO of 1 ML(closed squaréswhere the peak heights
(I=4, open trianglgsand the HOMO(I =5, open circles  are plotted. The baselines of these curves are shifted for clarity.
respectively, normalized to the integrated area of feature 4 in
Fig. 2 to cancel the effect of the monotonic decrease of th
cross section as the photon energy incre3ais final-
state energy is referenced to the HOMO, and has to be a
justed to the measured binding-energy difference, which i
1.3 eV for HOMO-1. The down and up arrows indicate the
zeros and maxima, respectively, gh(kR)| and |j4(kR)|

Fermi positior? This was interpreted as due to the different

5_urface sensitivities of the two techniques. Photoemission
grobes all C atoms in the monolayer including the atoms at
the interface. In contrast, STS probes just the actual top C
atoms'® It can be understood that charge transfer to the

using parameters from Ref. 47. The agreement between thjd?MO has more weight on the C atoms closer to the inter-
simple model and the experimental data is quite good. Fol2¢€ than those on top. This explanation agrees with our
the 1-ML film, the HOMO intensity is obtained by subtract- resonance measurement. Finally itis noted here that an an-
ing the high-binding-energy tail from the substratdand isotropy in the remaining unoccupied part ofztre LUMO was
and HOMO-1, without normalizing to the corresponding fea-r€cently observed in CSINEXAFS of Ceo/Al.
ture 4 because of an overlap with substrate bands. It is seen
in Fig. 6 that the HOMO resonance in a 1-ML film still
follows thick-film behavior. For the 0.1-eV peak at 1 ML,
the peak heights are plotted. The measured binding-energy Figures Ta) and 7b) show the C % core-level photo-
difference 1.6 eV is used to convert to final-state energy. It imission spectra for a thick film and a 1-ML film, respec-
further seen that the maximum of the 0.1-eV peak at 43 eMively. It is seen that the width of the peak from a 1-ML film
matches that of the HOMO very well. This is a strong indi- is much broader than that from a thick film. This reflects the
cation that the 0.1-eV peak has primarily an angular momenstrong interaction nature at the interface, similar to othgr C
tum =5, which is exactly the same as the LUMO. It is alsoon metal systems. Moreover, the monolayer line shape is
noted that the minimum is not quite reproduced, and a shouklightly asymmetric toward higher binding energy, consistent
der appears at about 35 eV, which is close to the resonanaeith the conclusion of being metallic with a small amount of
maximum of anl =4 initial state like HOMO-1. The devia- charge transfer from the angle-resolved valence-band photo-
tion from spherical character of the LUMO is mainly due to emission study, in contrast toggon Cu111) where a larger
the fact that the transferred charge from the substrate is naharge transfer and a very asymmetric C core-level line
uniformly distributed around the molecule, and thus mixedshape is observed. In addition, the satellite structure seen in
with other angular components. thick-film spectra seems weakened or widened considerably.
We comment at the end of this section that a scannin@he discussion of these structures has appeared in a number
tunneling spectroscop§STS study reported a gap of less of papers, and will not be repeated h&#é%°we just note
than 0.2 eV(Ref. 33 while our valence-band photoemission that the first satellite, which corresponds to a HOMO to
data shows no gap at all. Similarly, a peak right below theL UMO transition, is still noticeable while completely
Fermi energy in G,/Ag(110 was observed in a photoemis- washed out in the case of Cii1),*° and barely discernible
sion measuremeriRef. 15, while STS reveals a dip in the in Au(110.° Further, the second-layer core-level peak is

C. Core-level photoemission and NEXAFS
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x10 FIG. 9. Normalized C & core-level peak intensities as a func-
tions of annealing temperature, shown as open circles. The solid
line represents a smoothed interpolation between data points. The
inset shows a first-order logarithm plot of the same solid line ac-
cording to Eq.(2) in the temperature range of desorption, and the
dashed line is a linear fit to the solid curve with a slope of 1.87 eV,
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and 3. This behavior is in agreement with the theoretical
FIG. 7. C 1s core-level spectra fofa) a thick Gy, film, and (b) calculation that LUMOr1 has a larger dispersion due to a

a 1-ML film on Au(111), scaled to have the same peak areas. InJarger overlap with neighboring molecul®sAs a result it

tensities in the satellite regions have been multiplied by a factor oP€COMes easier to pertur_b by substrate states. The _Sur_vival of
10 as shown. the LUMO+ 1 peak only in NEXAFS of Gy/Au(111) indi-

cates that the conduction band is only slightly disturbed, and

only 0.25 eV lower than that of the 1-ML film at 284.5-ev that the interaction of g with Au(11l) is the weakest
binding energy(not shown, and the shift is much smaller @mong the metal systems so far studied. This weak interac-
than 0.6 eV of C(@11),2° while comparable to 0.3 eV of ton also reflects in the coincidence of LUMO Ers)feak energy
Au(110.° with C 1s core-level binding energy, as m_AlL_LO), in sharp

A carbon I NEXAFS measurement was performed to contrastto CW11), where the core-level binding energy cor-
probe the conduction-band structure, as shown in Figs. 8 responds to a clear absorption threshold at a lower photon

and 8b) for a 4-ML film and an annealed 1-ML film, respec- energy.’

tively. It is surprising to observe that the first four

7*-derived peaks of the 1-ML film, labeled 1-4 for the D. Thermal desorption
4-ML spectrum, are not greatly deformed. The most notable
feature from the comparison of 1- and 4-ML films is that
LUMO+1, or peak 2 in G/Au(11]) is only broadened,

We performed thermal-desorption measurement in order
to obtain the strength of ggmetal surface interaction. Start-

ing from a completely covered ML film by annealing to
while it completely disappears in all other studiegy@etal 3(?0 °C, valence-gand);)hotoemission spectr)::\ taken aftgr sub-
systems:'*#* A closer examination shows that LUMO sequent annealing to higher temperatures reveal thegi@-

+1 attenuates more than LUMO and LUMQ (peaks 1,y 'qesorbs from the AQ1l) surface and does not decom-
pose into fragments, consistent with LEED studies. The
carbon Xk core-level intensity measured at RT after anneal-
ing provides a quantitative determination of how mugj i€

left on the surface. The results, normalized to the intensity
from a complete monolayer, are plotted in Fig. 9 as open
circles. The solid curve is a smoothed interpolation between
the data points. It is seen thagdfllesorbs almost completely
by annealing to 750 K. This temperature is the lowest among
all metal surfaces studied so farconsistent with the con-
clusion based on the NEXAFS line shape described in Sec.
Il C, that the interaction of g, with Au(111) is the weakest.
The desorption energy is thus estimated in the following
way. According to the Polanyi-Wigner model, the desorption
rate can be expressecPas

NEXAFS (carbon K-edge)

Intensity (arb. units)

Photon Energy (eV) —dN/dt=k,N™exp(—Eq4/kgT), D
FIG. 8. C 1s NEXAFS spectra fronta) solid G, and(b) 1-ML ~ WhereN is the G, coverageky, is a frequency prefactom

Ceo 0N Au(1112). The first four peaks are labeled in successive orderis the order of desorption process, afgl is the activation
as LUMO, LUMO+ 1, LUMO+ 2, and LUMO*+ 3. energy of desorption. If the desorption process is only related
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to individual molecules and mutual interaction is not impor-from the substrate to th€g, overlayer For Gyo/Au(110) a
tant,m=1, and the desorption is first order. However, from a0.55-eV decrease from the clean surface value to 4.82 eV has
submonolayer study by STM, gtends to form islands at been reporte& similar to our A111) results. A simple

RT, indicating an attractive force between adsorbedargument of dipole formation due to charge transfer would
molecules? If the desorption is primarily from the rim of increase instead of decrease, the work function, which is
the islands, them= %, and the desorption is half order. We oppositeto the observatioft® Our result is similar to most
further assume that the heating rate is constant for all anneabther monolayer gy/metal systems with final work functions

ing processes, and thus end up with two equations close to 5 eV, whether or not the original substrate work
functions are higher or lower than 5 &¥° This is ex-
In(—dINN/dT)= —E4/kgT+C (2)  Plained by the fact that the chemisorbed monolayer becomes
metallic, due to charge transfer from the substrate. The im-
for first-order desorption, and age plane moves from the interface to the outside of the
metallic overlayer, and the interface dipole layer created by
In(—dNY%dT)=—E4/kgT+c’ (3) the charge transfer is screened out by the image plane.

. R Therefore, the measured work function for a monolayer film
for the half-order process. The inset in Fig. 9 plots thejg rely due to the metallic overlayer, and is not related to

logarithms vs MgT for the first-order process in the yhe interfacd ¥ It is interesting to note here that the work
temperature range of desorption. It is seen that the curv

) . . ) ; function of graphite is just 5 e¥’ It has also been argued
can be well fitted with a straight line with a slope of 1.87 eV

. . that the large size of agg molecule and its many possible
(43 kcal/molg, which represents the desorption energy.qy itation channels might render the dipole model invafid.

Fitting to the half-order process would yield a poorer fit \yoe experimental measurements and theoretical studies are
with a value less than 1 eV. The thermal-desorption,.aded to clarify this point.

energy measured from multilayers gives 1.4 %%° It is
unlikely that a chemisorbedggmolecule would desorb from
the rim of a chemisorbed monolayer island with a desorption F. Comparison of Cg-Au(111) interaction
energy smaller than that from thickggfilms bound by with Au (110 and Cu(111)

van der Waals force. Therefore, we conclude that only the

first-order process is observed in our thermal-desorption . . . .
In this section we discuss a further comparison of our

measurement. spectroscopic results with the existing studies on(1A0)
A first-order desorption can be understood from any P P 10 ng
! Ref. 6 and Cy111),”" as well as their overlayer structures.
adatom near saturation coverage. For lower coverage Cgo Overlayer removes original reconstruction on the clean
where G, forms islands, first-order desorption would imply 60 Y 9
that the Gysubstrate interaction is much larger than Au(11)) surface, and forms three structures on an unrecon-
0 structed surface, with the commensurate, single-sited

the lateral interaction between molecules in an 'Sland(2¢§x2\/§)R30° structure being the most stable strucire.

where a molecule at the rim, though with less coordinatio S
than in the center, has a similar binding energy. Thgon the other hand, 4 does not remove theX.2 missing-

. ; ; row reconstruction of the clean ALLO) surface. It further
lateral interaction of a g monolayer contains the band induces multiphases 0f42, 1X 3, and 1X 4 reconstructions
formation energy of the occupied LUMO by charge " . overdozed annealed mo,nola“?e'rhe adsorption
transfer, which is of the order of 0.1 eV. For g@olecule ' o P

. i . on a reconstructed Ali10) surface should be stronger than
in the first layer of the(111) surface of a solid, the lateral on a(111) surface without reconstruction. This reflects the

van der Waals interaction from surrounding molecules ) . : :
can be estimated from Lennard-Jones potential to b(gurvwal of the first satellite peak in Cslcore-level photo-
mission and the LUM® 1 peak in C & core absorption

1.1 eV5* where a measured bulk cohesive energy of 1.5 e\f .
is usec®® Hence the lateral interaction cannot be neglectedslDeCtra in the case of ALLD), but these features are barely

in the desorption of a § monolayer. Another possibility discernible in A4110. The slightly higher dgsorption tem-
of the first-order process is thatgg transforms to a pgrature of G on A“(m) ;Qa” on AY11l) IS consistent
“gas” phase from a “solid” (island phase before desorp- with the above observatioh:**However, the difference can-
tion. This would result in different desorption energies for MOt be large. The very asymmetric G tore-level line shape

different coverage regimés.lt is further complicated by the OL Cﬁlfa/AIU(llo) could be F;grtlytduett_ob rtrjultlfple sgets:[, but
removal of AWlll surface reconstruction by g Should alsoreceive a significant contribution from better me-

30 . . tallic screening in that more charge transfer occurs on
_adsorptlor?’. These issues cannot be resolved from our IIm'(llO)than (111) surface$. The reason why no charge-
ited results. ) L

transfer peak was observed in the photoemission study on
Au(110 (Ref. 6 could be due to disorder in the overlayer,
and the lack of a substrate band gap to clearly reveal the

We measured the work function by performing a photo-small charge transfer.

emission measurement on the secondary edge rise and thelt is obvious that G interacts more strongly with Gu11)
Fermi-level cutoff using He(21.2 e\ as the photon source. than with Au111) surfaces, as seen in the larger € core-
The known photon energy minus the total spectrum widtHevel shift and in larger changes in C core-level satellites and
yields the absolute work function. The measured work func-absorption spectra in Qull). For the most stable
tion of 1-ML Cgo 0n Au(111) was 4.7 eV, which is 0.6 eV (2v3 X 2v3)R30° structure on A(L11), STM concludes that
lower than the clean surface value despite charge transfeCgsy adsorbs on an on-top site with a five-member ring facing

E. Work-function change
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TABLE I. Measured charge transfer pegGnolecule on noble-  determined by a bulkp-DOS(Ef) scaled by the size of the
metal surfaces, and some surface and bulk properties of noble mqgao molecule, and also modified by a clean surface electronic
als. The total surface-state charges and total BBKDOS(EE)  strycture in the case of the identical single-crystal surfaces
have been multiplied by the size of the surface unit cells. They arg) + itterent metals. For different surfaces of the same metal
(23X 2v3)R30° for Au(111) and Ag111), and 44 for CUL1D.  jive Ay(111) and AU110) the different spectroscopic line

shapes and desorption temperatures reflect the difference in

Au Ag cu the surface electronic structure. In the above discussion we
Charge transfer 0.8 0.7% 1.6 consider onlysp electrons rather thad states, because the
from the (111) surface former is more delocalized to make a significant contribution
Total clean(111) 0.42 0.23 0.67 to charge transfer to theggLUMO, which is originally de-
surface-state charge localized to the whole, large molecule. We now discuss the
Charge transfer from 1.0 1.7 1.8 influence of thed bands on the total chemical bonding. Tche
the polycrystalline surfaée bands are all well below the Fermi energy, and their posi-
Total sp-DOS(Ef)? 18.7 33.2 32.6 tions are quite similar for Au and Cu, with Ag slightly lower.
(states/Ry/surf. unit cell The interaction betweenggand surfaces should not depend

much ond bands compared tsp states, and charge transfer

:Presem work. is the dominant interaction in these systems. We remark here
CReference 12. that G, desorbs at about the same temperature on both
dReference 29. Ag(111) and Au111),*? in agreement with the fact that the
Reference 44. amount of charge transfer is similar on these surfaces.
‘Reference 41.
Reference 4.
“Reference 58. IV. CONCLUSIONS

. . . We performed an extensive study of thg,Gverlayer on
3

tf:ﬁ sur:facde,fand W'tgj rftat;onal dlsoralél?. Cﬁ‘é’ odn thg Au(111) by photoemission, NEXAFS, and LEED. LEED

other hand, forms a structure on C(111), and adsorbs patterns are clearly observed at low incident electron ener-

gn a thrgefold 20"0(\1’\' site tvxil_?h_?hS|x-rtmte_mbe|rdrmgdfac_|ng gies below 30 eV on this surface. An irreversible geometrical
own and an ordered orientation hé rotational diISOrder 1S - gy ctyra) transition shows successive evolution of in-phase,

consistent with the weaker interaction with the substrate. Anpl4o’ and (23 2v3)R30° structures as the sample is an-

nealing experimg;tls indficate thtag(;tljesorbst andh_evr(]en ?ﬁ nealed, with the latter being the most stable phase. It is found
composes on G11) surfaces at a temperature higher than;, 56 resolved photoemission that a new state forms right

the desorpti(_)n temperature on @11)' and. that offers a di- below the Fermi level for an annealed, ordereg) @ono-

rect comparison of _thelr f?'a“"e Interaction strenﬁtﬁ’.h_e layer. It disperses across the Fermi level, proving directly
rebli’iteispse_(l_:lt\;losgzo deC Sl’JtUd'eSng‘)(D; Qg%lgqg(rﬁ n<t)t a\t/a|l- that the G, overlayer is metallic. Its intensity shows a reso-
able. An study observed a {2 ) SITUCWUre = hance in photon energy primarily following the character of

(Ref;, 3ﬁ’ ?od an x—_ra)_ll—diffract;]on ﬁxperime_nt measured gy, HOMO, thus can be identified unambiguously as the
R14° phasé,’ quite similar to what happens in A101). LUMO. The resonance also indicates aspherical distribution
of the LUMO charge. This result substantiates the model of
G. Charge transfer and interaction of Cyo charge transfer from substrate to adsorbeg @olecules.
on noble-metal surfaces Comparison of the present Gskore-level satellite intensi-
. ties and NEXAFS spectra with published data indicates a
Finally, we compare the measured charge transfer on thgIightly stronger interaction of & with the AU110) sub-

(111 and polycrystalline surfaces of Au, Ag, and Cu to dis- strate than with A(L11) but a much stronger interaction with

cuss its qrigin. These values are listed in Table I. Ig%the tabl%u(lll). Specifically the amount of charge transfer can be
we also include the cleafill) surface state chargésand estimated with 0.8 electrons per o molecule on

the bulk sp density of statefDOS at the Fermi energy Au(11Dcompared to 1.6 electrons on @ad1). We found

[DOS(E.F)] EBscqleq to the size of surface unit cell for that the amount of charge transfer to polycrystalline surfaces

comparisor® It is immediately seen that the ratios bgtweenis determined by thep-DOS at the Fermi energy of metal

Egie;nzzl;utrhe: tg?a?rgeD gg?é fir;ergl :éomrgrfggcrgisr; ?Ilgp?ofuréub-strates, while it is also modified by the surface electronic
b F y structure on single-crystal surfaces. We conclude that charge

all three noble metals. The measured charge transfer from thansfer is the dominant term ingg-noble-metal surface in-

(112) surfaces of Au and Cu, which are slightly less than theteraction 6

values from polycrystalline surfaces, are also approximately '

proportional to totasp-DOS(Eg), but charge transfer from

Ag(11)) deviates greatly from this trend. The total clean

(111 surface-state charges of Au and Cu are approximately

half of the charges transferred togdc while that of Ag is We thank the staff of the SRRC for their technical assis-

much lower. The smaller quantity and higher binding energytance, and A. B. Yang for in loan of a Au crystal. One of us

than those of théoccupied LUMO indicate that this surface (K.D.T.) is grateful to Y.-W. Yang and K.-J. Song for useful

state is not directly responsible for charge transfer. Howeverliscussions on thermal desorption. This work was in part

it strongly suggests that for noble metals charge transfer isupported by the National Science Council of the ROC.
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