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Well-shielded cerium atoms: Electronic structure of adsorbed Ce @ &, on Si surfaces
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The interaction of Ce@4g with clean and silver-terminated (3iL1) surfaces has been studied with
synchrotron-radiation photoemission spectroscopy and near-edge x-ray absorption fine-stNEXRES)
spectroscopy. Use of an Ag/($il])-(\f§>< \f§)R30° surface as an initial substrate enables the molecule-
substrate interaction to be progressively strengthened through controlled annealing. Although strong covalent
bonding and distortion of the fullerene cage are observed following the removal of the Ag-induced reconstruc-
tion (above 550 ° @ the cerium atom’s valence and overall electronic structure, as probed by KEXRAFS,
appear to be remarkably unaffected.
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I. INTRODUCTION In choosing Ce@§; specifically, we also address the

One of the attractive properties of the fullerenes is theiProPerties of one of the most studied rare-earth elements. In
ability to be electron doped in a variety of ways, leading to abulk form, cerium exhibits a fascinating first-order transition,
multitude of unique properties and phenomériarhe first ~accompanied by a 15% volume collapse, as well as antifer-
well-known type of doping is by means of intercalation andfomagnetic, paramagnetic, and superconducting phases. It is
has provided a new fam”y of Superconductors Such aéhe most reaCtiVe element Of the I’al’e-eal’th group, aftel’ eu-
K3Cgo The second method involves replacing a carbon atonfoPium, and the complex physics accompanying its single
by another Specie(g_g_, azafu”erene;g\') or add|ng func- OCC-Upied 4 band, close to the Fermi |eVe|, has baffled sci-
tional groups, as in phenylateds{ opening the doorway to €ntists for many decadés.
controlling the organization of these molecules on surfaces. [N incarcerated form, Ce @ provides a unique way of
A third route is associated with the ever-expanding class oftudying single atoms of cerium in controlled surroundings.

endohedral oincar-fullerenes, in which one or more atoms UP to now, the endohedral cerium fullerenes have received
are encapsulated by the carbon cége. only a modest amount of attention, focused mainly on their

Nowadaysy incarcerated forms of the majority of the ﬁrstproduction and the valence of Cerium, which was found to be

row rare-earth metals have been successfully produced arit->** Recently, Shibatat al. found that Ce@¢; is a
their properties and applications are slowly being uncoverednixture of two isomers in a 4:1 ratio, with the majority as-
One of the possible suggested uses is as quantuniduits  Sociated withC,, symmetry. They also confirmed the va-
bits) in the field of quantum computing, since endofullerenedence suggested before and conducted structural and trans-
present an excellent Way of iso'ating the Spin of the encapport Stud|e§.4 We now haVe expanded the endohedral cerium
sulated atom from its surroundingsn order to address and fullerene investigation further, by taking a closer look at its
read each spin, however, organized pattern formation is eglectronic properties and its interaction with the surrounding
sential, as is knowledge about the interaction of the endohevorld, through a combined photoemission spectroscopy
dral fullerene with the underlying substrate. The influence of PES, near-edge x-ray absorption fine-structiEXAFS)

the molecule-substrate interaction on the electronic structur@Pectroscopy, and annealing study of bulk and monolayer
and the chemical environment of an atom enclosed within 4ML) Ce @ G.

fullerene cage is the key motivation driving our study of

Ce@gz on silicon and silyer—terminated si]icon. T.he choice_ Il EXPERIMENT

for silicon as a substrate is motivated by its previous use in

fullerene studies in which it was shown that silicon exhibits The photoemission and x-ray absorption experiments
strong covalent bonding to fulleren&ghe strength of which were carried out on beamline 5U1 of the Synchrotron-
can be increased by annealihgnd, by using scanning tun- Radiation Sourc¢SRS, Daresbury, U.K. 5U1 uses a mono-
neling microscopySTM), molecular manipulation and pat- chromator which has a single 1200 1/mm grating covering
tern formation are readily achievalfle. the energy range 60-1000 eV. The monochromator takes
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light directly from the SRS permanent magnet undulator, Valence Band - PES

without an entrance slit. The exit slit was set<®0 um.
The emitted photoelectrons were measured using a single
channel hemispherical analyzer, which permitted an overall [ ™" .
instrumental resolution varying between 0.25 eV at the low- e Jj;‘_‘:_',, ~~~~~~~~~
est end to around 1.2 eV at the upper end of the energy
range. The x-ray absorption measurements were performed LA ——siaas
using a partial yield detector, at photon energy resolutions i1 AL
between 0.1 and 0.5 eV. Fod
Preparation of clean @il11)-(7X7) surfaces involved
sample degassing at 600 °C for 8—12 h, followed by brief
(“flash”) annealing at 1200 °C for 15-30 s by means of di-
rect current sample heating. The sample temperature was 14 12 10 8 6 4 2 0 2
monitored using an infrared pyrometer, and the pressure kept Binding Encrgy (V)
below 1.2x10°° Torr during flashing. Silver was then de- FIG. 1. Valence-band spectra of Ce@C taken at

posited from a thoroughly degassed Knudsen @ektell) at  go_ev incoming photon energy. Labels indicate the annealing
780 °C, whilst the Si substrate was kept at 500 °C, formingemperature. All spectra have been normalized to the integrated
the Ag/S(111)-(v3Xy3)R30° reconstruction. Both the intensity between 0- and 10-eV binding energy, and the annealed
clean and reconstructed Ag/Si surfaces were checked witépectra have been shifted for clarity. The inset shows valence-band
low-energy electron diffraction, surface sensitive core-levelspectra of clean &111)-(7x7) (rescaled by B and
and valence-band photoemission for order and cleanliness Ag/Si(111)-(\3x 3)-30° before deposition of the fullerene.

Ce@ G, molecules were prepared and purified as de-
scribed elsewher®, and stored in a CSsolution. The C$  yglent bonding between the molecules and tHd B sub-
was allowed to evaporate off at ambient pressure in a stans ate layer, again without any oxidation.
dard Knudsen cell mounted on a linear transfer arm before aq our objective is to follow the electronic state of the
connecting it to the UHV system. After degassing for 24 h ateeriym atom, whilst the cage increases its interaction with
200 °C, the molecules were sublimed on to the Ag/Si SUrihe gyrrounding environment, we monitor the spectral
face in UHV at 450-500 °C for 20 min, during which the changes after 10-min annealing at 380, 425, 550, and
pressure In the main chamber rose from 80 Torr to 750 o, respectively, allowing enough time for cooling to
2x 107" Torr. This did not corrupt the passivated Ag/Si yoom temperature before measurements were taken. In this
surface, as will be shown in the next section, wherea§7\,ay we probe the sample as we reach ML Ceg@ 6n
previous attempts to deposit the molecules directly onto th%g/Si after 425 °C, and a strongly bourfgub-ML on Si
Si(111)-(7x7) surface did show signs of unwanted oxida- 4fter 750 °C. We have measured the valence band,pSi 2
tion. The linear transfer arm also allows us to deposit at gng C & photoemission spectra, as well as §2p and Ce
1.5-cm distance to the substrate. We found such a shoHq.4f NEXAFS spectra, during the annealing process. All
sample-K-cell distance necessary to ensure a high-enoughhotoemission spectra presented here were taken at normal
flux for obtaining a thick multilayer, in which the $&nd  emission and with the incoming light at 45° with respect to
Ag) PES signals are completely suppressed, even at incone surface normal, whereas the NEXAFS spectra were re-

ing photon energies of 1000 eV. An STM measurement of &orded in normal incidence and with the detector at 45° to
Ce @ G, thick film prepared in this way showed large, well- the surface normal.

ordered, hexagonally close-packed facets in a Stansky-
Krastonov growth modé&®

A. Valence-band PES

lll. RESULTS AND DISCUSSION Figure 1 shows the valence-band spectra of Ce@ C
taken after different stages of the annealing cycle. The bulk
There are several reasons for growing a thick Ce C spectrum at the bottom of the figure clearly displays charac-
film in the manner described above. First, the initial silverteristic higher fullerene features: thesQelated orbitals are
termination passivates the silicon surface and prevents oxlecated above 6-eV binding energy, and the @rbitals are
dation during growth of the fullerene film. Second, in bulk organized in four distinct peaks at 1.65, 2.10, 3.26, and
Ce @ G, one expects rather weak bonding between the mol5.3 eV. The small feature centered at 0.73 eV is similar to
ecules, somewhat analogous tg,@roviding us with a mea- the onset seen in La@&and was identified there as a
sure of the electronic state of the pure endohedral fullerenesingle occupied molecular orbitd SOMO) of Car origin,
Third, the desorption of all Ce@d& apart from the last with very little La charactet® Compared to L¥, C€* has
monolayer, takes place at temperatures below the desorpti@n extra 4 electron, which might not be participating in the
point of silver, and thus allows us to study the screened bindatom-cage bonding. This would give rise to an extremely
ing of Ce@ G, to Ag/Si. And finally, above 550 °C the narrow and weak feature in the valence band that would
silver desorbs from the surfaceghrough the Ce@ G, escape detection amidst the much stronger carbon-dominated
monolayert” permitting us to study the effects of strong co- orbitals®
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Si2p - PES a) —_—
—1750°C - C=aSi(111)-7x7

b) desorption has already started at 380 °C, allowing thepSi 2
signal to be recovered, the majority of the molecules are
desorbed when the sample is annealed at 425 °C. In fact, the
spectra indicate that a monolayer coverage is reached, be-
cause subsequent annealing at 550 °C does not significantly
increase the SiR intensity any further. It is not until the
silver starts desorbing above 550 °C that another increase in
Si 2p signal is achieved.

In addition, apart from the intensity, the shape of the spec-
trum also changes when going from a monolayer of Ce;@ C
s on Ag/Si111) to a monolayer of Ce @& bound directly to
0 Frmetloe S\ silicon. This can be seen in Fig(a, where the intensity of
0 32 34 36 o4 102 100 98 the Si 2,,, component appears to be higher than thesj,2

Kinetic Energy (¢V) Binding Energy (eV) component after the 750 °C anneal. The reason for this in-
) ) _crease of intensity on the high binding-energy side of the Si

FIG. 2. Si 2 core-level spectra, taken at 140-eV incoming o, neak s, as we stated at the beginning of this section,
photon energy(a) Speptra taken after annealing at the 'nd'catedcaused by C-Si bonding. In order to show that the jSp&ak
temperatures, normalized to the photon fly. The 750 °C spec- o reay hroadened out significantly we have rescaled the
trum rescaled to the S_.lpg,z peak of t_he clean, r_econstructed silicon 750 °C peak to match the intensity of the $i feak of the
surface before deposition, plus their subtraction. clean surfacdafter a Shirley background subtractjoiThis

) o is shown in Fig. 2b), which also shows the subtraction of the

After annealing at 380 °C, there is little change exceptgiean Si surface peak from the rescaled annealed monolayer
from a slight increase in width of the SOMO feature, which peak. We emphasize here that we by no means expect that
may have its origin in the decrease of the layer thicknessye syrface underlying the Ce @Qnolecules now is a per-
aII_owing the signal of the underlying Ag/Si valence band tofgct 7 7 reconstruction, we just merely want to point out
mix through. After 425 °C, however, all the 7€related  ine gifference in Si @ signal of silicon subjected to carbon
bands below 5 eV have broadened out considerably and thg,nging with respect to that of an unimpaired surface. The
band at 5.2 eV has shifted and increased in energy being,piraction spectrum, similarly, is also indicative, but not an
influenced by the Ag d feature sitting underneath isee  exact representation, of the expected weight of the newly
inset to Fig. 1. The increased broadening of ther@atures  formed C-Si bonds. We do not present a fit of the Bi 2
is cayseq by the fact that_prgviously identigal carbon 5ite§pectrum at this point, as we believe there are too many
contributing to the lower binding-energy orbitals now haveparameters needed and too little physical constraints at hand
become distinct due to the binding of carbon atoms to thggy \warrant a meaningful interpretation.

Ag/Si surface at the bottom of the fullerene cage, thereby |t s nevertheless, noteworthy to point out that there is a
lifting the degeneracy of the energy levels. Annealing tOpartial recovery of the Sif2 rest atom peak on the low
550_°Q spreads out the lower-lying fea}tures completely an‘ﬂ)inding-energy side of the bulk peak. From Fighl2one can
the individual bands are hardly recognizable anymore.  see that this is, however, slightly downward shifted in bind-

The final curve shows the valence band after annealing ahq energy. This and a reduced intensity give rise to a small
750 °C. Only three distinct shapes can be seen now that thgsgative structure in the subtraction plot. But the mere pres-
Co bonds have also been affected by the strong covalenince of a rest atom peak, and the absence of a photoemission
bonding to Si, and the fullerene cage must therefore b%eak at a relative binding energy of+4 eV, associated
heavily distorted. The cage, however, is still intact, as will beyith sjlicon oxide formation, indicates that we still have a
discussed in Sec. Ill C. The influence of the Ad @rbitals  ¢lean, nonoxidized Si surface. Attempts to follow the same
has now disappeared, which is reflected by the decrease Wo|ution with regards to any C-Ag bonding failed, due to

R

Y
(syun ‘qre)  Ksusyuy

intensity and binding energy of the 5.2-eV feature. poor signal-to-noise ratios on the very weak Ad @eaks,
. which only appeared in surface-sensitive spectra after the
B. Si 2p PES 425 and 550 °C anneals.

Monitoring surface sensitive Sip2 spectra (taken at
140-eV incoming photon enerpyis an excellent way of
studying the formation of C-Si bonds, as the presence of C
-Si bonds will manifest itself immediately in the decrease of Instead of monitoring the Ag®emission we can, how-
the slope of the high binding-enerdBE) side of the Si ever, follow the evolution of the Cslphotoemission spec-
peak and leads to the formation of a true tail, or even a bulgerum as depicted in Fig. 3. To allow for a better comparison,
when the number of C-Si bonds increa$®: The spectra the C Is spectra were all normalized and aligned to the bulk
shown in Fig. 2 are all aligned with the Spg, peak position film spectrum. The normalization factors next to the tem-
of the clean Sil11)-(7 X 7) surface. The left-hand sid&ig. perature labels reflect a steady decrease in the iGténsity
2(a)] shows the intensity, as taken, of the $icore level as until the monolayer is reached at 425 °C, followed by a final
a function of annealing temperature. What is immediatelydecrease after the silver has desorbed. The overall trend of
clear from these measurements is that, although Cg@ Cthe higher temperatures is mirrored in the widening of the C

C. C 1s PES and XAS
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FIG. 3. All C 1s core-level spectra were taken at 400-eV in-

FIG. 4. C s NEXAFS spectra, taken in partial yield mode,

coming photon energy, normalized to the photon flux, and themormalized to the photon flux. The spectrum taken after annealing
aligned and normalized to the bulk G (BE 285.0 eV. Annealing  at 750 °C is scaled up by a factor of 1.1 after background
temperatures as indicated. (@ an enlarged view of the shake-up subtraction.

structures on the high-binding-energy side. For clarity, the 550 °C

spectrum is left out. In(b) the widening of the Cd peak with  hrgyide an alternative illustration of the increase in width.
annealing is apparent, especially at the low-BE side. NormallzatlorNthough the “new” peak is less than 1-eV away from the
factors as indicatedc) depicts the 5-peak fit to the 750 °C Spec- iy jine, it dramatically increases after removal of the Ag
trum (see text for detai)sand(d) depicts the 750-380 ° C difference layer and we therefore believe it is indeed indicative of

spectrum, and the rescaled residue of the 5-peak fit C-Si bond formation. Compared to the enormous changes in
1s peak, but the narrowest spectrum is actually the onéhe valence band and the $ 8pectra, the broadening of the
taken after the 380 °C anne@lr, in fact, in the entire range C 1sis relatively modest. This, however, is not unusual for
300-340-380 °C, not shownThis suggests that the bulk covalently bound fullerene systerfis.

film might be more disordered than the annealed multilayers. A better way of assessing the bonding strength in these
The smallest full width at half maximufFWHM), as mea- cases is to examine the evolution of the shake-up structures
sured, is 1.15 eV\(1.19 bulk, passes through 1.22 eV reach- on the high-binding-energy side of the carba@pkaks after

ing the monolayer, and settles at 1.3 eV after the 750 °Giormalization to the main peak intensitiesge Fig. 3, inset
anneal. Another noticeable feature is that the main chang€hese structures reflect those final states of the photoemis-
seems to occur on the low binding-energy side of the pealsion process, where the molecule has been left in an excited
We have attempted to quantify this somewhat further in Figsstate. As the symmetry of the molecule is lower than jg, C
3(c) and 3d), by showing our 5-peak fit to the 750 °C spec- the convolution of occupied and unoccupied states does not
trum. Two peaks, separated by 0.54 eV, are needed to fit thexhibit clear interband features and the only distinct peak
main body of all our measured G lines. We believe these that can be seen is a broad structure, centered at about
two peaks represent the “envelope functions” for the multi-6-eV above the C4dmain line, normally associated with the
tude of small differences in Cslinding energies caused by creation of a collectiver electron plasmon. Upon annealing,
(a) the presence of the cerium atom il the three locally the plasmon feature gradually loses intensity and, after an-
different carbon sites found in g& and other higher nealing at 750 °C, broadens out as well. This indicates that
fullerenes’? An additional two peaks are inserted on the highthere is increased screening of the collective electronic re-
BE side to account for the onset of the shake-up structuresponse of Ce @& molecules on the Ag/Si surface and that,
and other energy losses. The fifth peak was only needeith addition, the cage distorts when it is strongly bound to the
whilst fitting the 550 °C spectrum and beyond. Previous pasilicon surface after annealing at 750 °C. It is, howesgél,

pers have shown that the formation of covalent C-Si bondintact following this high-temperature anneal, since the
through annealing is accompanied by a new peak at approxghake-up structure remains clearly visible. In order to further
mately 1-eV below the main Cslline.?* We find a consis- convince ourselves that the majority of the Ce @ @ol-

tent fit to all five C B spectra with the fifth peak emerging at ecules is still unimpaired we performed time-of-flight sec-
0.57-eV below the main line, increasing in intensity from ondary ion mass spectroscopyOF-SIMS on the sample
9% (550 °Q to 23% (750 °Q of the main fit component. and indeed found the strongest peak to be at the combined
The Lorentzian linewidth of the fit components steadily in- Ce @ G, mass.

creases from 0.12 to 0.20 eV throughout the annealing above This picture is further corroborated by G NEXAFS

380 °C; this can be explained by the notion that the in-spectra, depicted in Fig. 4, which represent a measure of the
creased interaction of the cage with the substrate means thanoccupied states of the core-ionized molecule. It has been
more decay channels are available. This, in turn, will desshown that C § NEXAFS spectra are sensitive to the spe-
crease the lifetime and therefore increase the intrinsicific isomer of the fullerene cage in the case of Tm@C
Lorentzian width of the C 4line. In Fig. 3d) a difference  showing different energies for the lowest unoccupied mo-
spectrum of the 750 and 380 °C spectra is also plotted téecular orbitals (LUMOs) of distinct isomers as well as
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multiplet fine structure of the Cef# final state. If there is
Bulk 4 . . .

______ — any change in the valency of the cerium atom during the
i 425°C | annealing process, the shape will be affected in a straightfor-
§ ......... 550°C ward manner, since any change toward$*Geill cause ad-
g | —s0C | ditional peaks to rise up at 6-eV above the main Gé 4
; lines, associated with admixture of thé'4inal state. How-
g ever, even in the nominally Gematerial CeQ the relative
8
Il

weight of the 4° state is never more than 30%. Shifts to
lower valency might be unlikely, but would cause a change
in the asymmetry of thl; peak, resembling then the spec-
trum of PP*.25
f However, what actually happens is that the spectral shape
872 880 81§§0mE§2fgy (ev)904 912 920 does not change significantly, but the position of the whole
spectrum is shifted 0.5 eV to lower energy when the mono-
FIG. 5. Ce 3 NEXAFS spectra, taken in partial yield mode, layer is reached, and a further 0.2 eV when the sample is
normalized to the photon flux, and background subtracted. In th@nnealed to 750 °C. This means that the potential well pro-
inset, the spectrum taken at 750 °C is rescaled and shifted byided by the surrounding carbon cage is affected by its sur-
0.7 eV to match the bulk curve. roundings. It appears less deep to the cerium atom, when just
a monolayer of Ce @4 is left on top of the semiconducting
sharper peaks for the more symmetric isoftdn our bulk A9/ Si substratédue to image charge screening might be
Ce@ G, NEXAFS spectrum, we can distinguish a sharpMore strongly screened by the(5L1-(7x7), which par-
peak at 284.3 eV and a weaker feature at 283.6 eV in a#ally émerges again after the 750 °C anneal as reflected by a
approximate 4:1 intensity ratio. Recent work has shown thémall rest atom peak in the SpZpectra. In addition to that,
existence of two isomers in Ce @Csamples in the same the potential v_veII should_flatten out when the cage gets dis-
ratio* We therefore tentatively conclude that the sharpeforted at the final annealing stage.
feature corresponds to the LUMO of Ce @€C,,} and the
weaker feature most likely corresponds to the second isomer, IV. CONCLUSIONS

which should have lower symmetry, such@s The majority In conclusion, we have performed a complete photoemis-
of the unfilled 7 orbitals overlap in energy and form the gion and x-ray absorption study of Ce @Cincluding an
strongest peak in the NEXAFS spectrum at 285.5 eV, annnealing study of a Ce@g film on silver-terminated
the onset of a band is at 290 eV. After annealing, the gj(111), starting from the thick sublimed film. After anneal-
isomer signatures are no longer clearly discernible, due t?ng at 425 °C a monolayer coverage is obtained, as shown
the distortion and strong covalent bonding of the fuIIereneOy the valence band and SpPES spectra. These do not

cage to the silicon substrate. As in the case of thesC 1,,504r 1o change or lose intensity further after subsequent
photoemission main line, there is no striking broadening or.

, . X annealing at 550 °C. Annealing above 600 °C causes the
large shift of the cluster ofr orbitals at 285.5 eV, consistent g er to desorb from the surface, leaving the fullerene mol-
with a covalent type of bonding.

ecules to bind directly to the silicon surface, as again evi-
denced by the valence band and $iRES spectra. Carbon

D. Ce A XAS 1s photoemission and x-ray absorption spectra further testify
to the covalent bonding on the Si substrate and distortion of
¥he carbon cage. The valency of the imprisoned cerium atom,

however, is remarkably unaffected throughout the whole an-

?nnodncc):l ngg;%FeS@\Ne :r?\g a:fg:ﬁ:.?g;gf.l'géze ;ﬁigﬁf ehealing procedure, although it does appear to feel the change
y 6 v ! ricon, in strength of the potential well in which it is immersed.

ing mainly increases the.scr.eening of the collective exCitaT\/Iore subtle changes could occur in the cerium related orbit-
tions. The fullerene cage is distorted and covalently bound Qs of the valence band. and an experimental and theoretical

the silicon substrate after annealing at 750 °C. In this sectiopesonant photoemission study to ascertain the influence of

we will investigate the effect the substrate-cage bonding h e shallow Ce #and &l levels is now underway. The final
intoad of photoemission. because it s a more éﬁiﬁfxﬁom to make is that the carbon cage is a perect way of
P ’ P §=nielding normally very reactive cerium from oxidation, both

\?\Iitﬁhl?)zgﬁzseg Itehveel\;azlsir;zeagiganeolle;trsonsltcersr’;[;u;;uirtesﬁr‘f::somﬁ CS, solution at ambient pressure, and annealing up to the
y .strongly bound monolayers on silicon, since at no stage dur-

far less from final-state screening effects encountered it : L
photoemissior? The Ce 3 NEXAFS spectra are depicted in i}éﬁﬁé ?r]:t?r: eoglr[)(rancizgsurements was any evidence of oxidation

Fig. 5. The general shape of the bulk spectrum is consisten
with a valency of around 3+, without any signs of mixed
valence, as compared to Cd XAS measurements and cal-
culations of Cef and CeQ.2>2 The spectrum is therefore ~ We gratefully acknowledge the Engineering and Physical
predominantly defined by the spin-orbit splitting and theSciences Research Coun¢EPSRQ for financial support

o

Having examined the effects of annealing on the cage b
means of valence-band photoemission, [SPES, C 5 PES,
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