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Temperature-Dependent Fermi Gap Opening
in the ¢(6 X 4)-Cg9/Ag(100) Two-Dimensional Superstructure
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High-resolution angle-integrated photoemission of one monolayer of Cgyp chemisorbed on Ag(100)
shows the reversible opening of a gap at the Fermi level at temperatures 25 = 7 = 300 K. The gap
reaches a maximum value of =10 meV at T = 70 K. This finding is the first evidence of an electronic
phase transition in Cg¢p monolayers and has implications on the ongoing debate about surface supercon-

ductivity in Cgo-based bulk materials.
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The discovery of fullerides, and, in particular, of super-
conductivity in some alkali or rare earth doped bulk Cgg
systems [1], initiated one of the notably active research
fields in solid state physics [2]. Recently, major attention
was dedicated to the characterization of low-dimensional
Ceo films [3,4]. This is based on an important finding that
the superconductivity persists in the surface (mono)layer
with a T, as high as the one in three-dimensional bulk
systems. Furthermore, the possibility of controlling at a
fine scale the charge state of single Cgp molecules and the
buckyball-buckyball distance makes the fullerene-based
films extremely charming for a wide range of applications.
The very recent example is the field effect induced charge
transfer in a topmost layer of Cg, giving a basis for an
insulator-to-superconductor switch operating at 11 K [3].
In addition, chemical and physical properties of low-
dimensional Cgp-based layers [5] may be considered supe-
rior to the bulk materials, prepared by means of standard
intercalation methods and plagued by the presence of
multiphases.

Until now, a number of fascinating properties of low-
dimensional ordered Cgp-based films have been reported
[6]; however, fewer studies investigated the behavior of
the electronic structure and molecular arrangement as a
function of T.

We report here a high-resolution photoemission investi-
gation of the electronic properties of one monolayer (ML)
Ceo grown on top of the Ag(100) surface. We observe
the opening of an energy gap at the Fermi level when
the temperature is lowered from 260 to 25 K. The gap
opens and closes reversibly. In the lack of the theoretical
knowledge, we discuss possible different origins for this
temperature-dependent phase transition in the electronic
structure of a two-dimensional Cgg film.

The experiments were performed in ultrahigh vacuum
at a base pressure of ~1 X 107! mbar. The clean and
well ordered Ag(100) surface was obtained by standard
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procedures [7]. The surface quality was checked via photo-
emission, Auger electron spectroscopy (AES), and low-
energy electron diffraction (LEED). Pure Cgy (99.9%) was
sublimated at ~750 K from a Ta crucible. The overlayer
coverage was monitored by AES and photoemission spec-
troscopy. These were calibrated against the coverage of
one monolayer of Cg that can easily be obtained by de-
positing a multilayer at room temperature and annealing
at T = 500 K for several minutes [7]. The measurements
reported here correspond to a well ordered single layer ob-
tained by depositing Cgp molecules on the clean Ag sub-
strate maintained at =700 K. During the deposition, the
pressure remained in the 107 !° mbar range.

High-resolution photoemission from the valence band
was performed at the low-energy experimental station
of the APE beam line, currently under construction at
ELETTRA (Trieste). This system is equipped with a
Scienta SES-2002 electron energy analyzer and a high-
stability He discharge lamp (hy = 21.2 eV). The overall
instrumental energy resolution is better than 10 meV,
while the angular resolution is = £ 0.4°. Unless differ-
ently specified, all reported valence band spectra were
acquired in normal emission and normalized to the photon
flux. We point out that, because of the small Brillouin
zone (=6°) and the scattering effects due to a large num-
ber of C atoms per molecule, the reported photoemission
spectra represent electrons scattered over all k vectors
within the first Brillouin zone.

The ordered Cgp monolayer formed on the Ag(100) sub-
strate is characterized by a sharp LEED pattern reveal-
ing a c-(6 X 4) quasihexagonal superstructure [8]. The
Ce0-Ceo distance in the overlayer is =10.42 A. Keeping
in mind that the 7, in Cgp-based superconducting mate-
rials scales with the buckyball-buckyball distance [9], this
number should be compared with 10.03 A in the nonsuper-
conducting face-centered-cubic Cgg and, in particular, with
10.43 A in the highest-T,. Cs3Cgo [10]. Recent scanning
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tunneling microscopy data demonstrate the superstructure
remains stable over a wide temperature range [11].

A series of photoemission spectra from the 1-ML
Ceo/Ag(100) is given in Figs. 1(a) and 1(b) as a function
of temperature. All spectra are referenced to the Fermi
level (Er), which was determined from the spectra
measured on a polycrystalline Ag sample at four different
temperatures over the spanned temperature range, and
then fitted by the Fermi-Dirac distribution function. The
Er position remained stable (within =1 meV) during the
measurement time. By each spectrum of Figs. 1(a) and
1(b), we also show the Fermi-Dirac distribution function
at a given temperature, referenced to the measured Ep.
The spectra from the 1-ML Cg/Ag(100) superstructure
are characterized by a broad peak near Ep, which repre-
sents a portion of the lowest unoccupied molecular orbital
(LUMO). This orbital is partially filled by the electronic
charge transferred from the metallic substrate to the Cg
cages. As found previously, the LUMO-related emission
at 300 K exhibits a clear Fermi edge, thus indicating a
metallic state of the 1-ML Cg ordered layer [8].

We notice that the emission close to Er cannot be due
to the substrate since the C-related features are definitely
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FIG. 1. Valence band photoemission spectra of the LUMO-

related spectral feature of the 1-ML Cq/Ag(100) system taken
as a function of (a) increasing temperature; (b) decreasing tem-
perature. (c) Symmetrized spectra from (a) illustrating the open-
ing of a gap at Er. All spectra are normalized to the maximum
intensity.

favored in terms of the relative photoionization cross sec-
tions at hy = 21.2 eV (0agss/0c2p = 0.03/6) [12]. We
also point out that the escape depth associated with the
photoelectrons of Figs. 1(a) and 1(b) favors the adlayer-
related contribution with respect to the substrate. In fact,
at =16-17 eV Kkinetic energy, the electron escape depth
in Cg is less than the molecular diameter, so the photo-
emission signal comes exclusively from the Cg( overlayer
[4]. In comparison, the pure solid Cgy behaves as a semi-
conductor with a clear zero intensity in the photoemission
spectra spanning the whole energy range between the high-
est occupied molecular orbital and the Fermi level.

The most remarkable effect shown in Figs. 1(a) and
1(b) is the evolution of the spectral intensity in the near Er
region with temperature. From =260 K downward, a
progressive depletion of the photoemission intensity close
to Ep occurs. At the same time, the spectral weight
accumulates at higher binding energy, giving rise to an un-
ambiguous energy gap opening at Er. This is emphasized
in Fig. 1(c), where the symmetrized spectra with respect
to the Fermi level are shown, following the practice de-
veloped for analysis of the gap evolution in high-T,
cuprates [13].

Again inheriting the procedure from high-7, supercon-
ductors, we determine A as a shift of the spectral leading
edge from Er [14]. We recall that this procedure gives only
a qualitative measure of the gap, while the real gap should
be determined by fitting the spectra with a known den-
sity of states (DOS). Figure 2 illustrates A vs temperature.
It increases/decreases monotonously, reaching a value of
~10 meV at T = 70 K. This is independent of the way
the temperature is varied.

For a more detailed analysis of the intensity evolution,
we consider the difference curves between the spectra at
300 K and the spectra at 7 << 300 K. Figure 3(a) illus-
trates this analysis for the 25 K spectrum. The difference
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FIG. 2 (color). Plot of the gap (measured as a shift of the
spectral leading edge from Ey) vs temperature.
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curve exhibits a positive peak centered at =30 meV bind-
ing energy, and a negative peak centered at =Ep. We
calculated the intensities of the positive and the negative
features. The result of this analysis is shown in the inset.
As seen from the figure, the positive and the negative fea-
tures compensate for all temperatures, indicating that the
spectral intensity remains constant in the energy interval
of =250 meV and the spectral weight simply shifts be-
tween different binding energies. This also means that the
temperature-dependent gap opening occurs at a constant
value of the average charge state of the Cgy molecules.
Finally, in Fig. 3(b) we present the spectra taken on the
1-ML Cgp/Ag(110) at 100 and 300 K. In contrast to the
1-ML Cgo/Ag(001), we did not observe any gap opening
within the explored temperature range.

The mechanism(s) governing the gap opening observed
in Fig. 1 is(are) presently unknown. Different scenarios
can be speculatively proposed to explain this effect. The
extensive studies of 1-ML Cgy/Ag(100) were focused in
the past onto its electronic structure, molecular arrange-
ment, and vibrational properties [8,11,15]. It was found
that a combination of the so-called interfacial dynamical
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FIG. 3 (color). (a) The spectra from Fig. 1(a) at 300 K (blue)
and 25 K (red), together with their difference (dashed) illus-
trating the evolution of the spectral line shape near Ep with
temperature. Inset: Integrated intensity of the positive (red) and
negative (blue) features of the difference curves vs T. (b) The
spectra from the 1-ML Cgp/Ag(110) at 300 K (blue) and 100 K
(red): no gap opens within the explored temperature range.
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charge transfer (IDCT) [16] and Jahn-Teller (JT) molecu-
lar distortions may give rise to a charge density wave dis-
tributed over the Cgy molecular pattern.

In fact, because of their charge state (=2 electrons/
molecule are transferred from the substrate), the Cgg
molecules in 1-ML Cgy/Ag(100) are expected to undergo
cooperative dynamic JT distortions. Since only the
symmetric JT-active Ag(1,2) modes are allowed to drive
the IDCT, this mechanism is strictly related to the JT dis-
tortions of the Cgg molecules. It was suggested that the JT
distortion of Cgg in the proximity of the Ag(100) surface
is strongly anharmonic [8]. This anharmonicity eventu-
ally results in a transition from a dynamical to a static
distortion regime as a function of decreasing temperature
[17]. In other words, lowering the temperature freezes the
molecular distortion and, in turn, a change in the DOS
with respect to the average value at 300 K is observed. In
this case, the balance between on-ball electron-electron
interactions and the metallic screening becomes crucial
for a stabilization of the charge density wave (CDW) state
[18]. The CDW DOS is characterized by a dip at Er due
to the opening of an energy gap, and by a sharp peak a few
tens of meV below Ep [18], in agreement with the data
of Figs. 1 and 3. This scenario might also explain why
the same behavior is not observed in the Cgy/Ag(110)
overlayer, where the correlation effects are expected to be
weaker due to the shorter Cgo-Cep distance (=10.03 A)
[Fig. 3(b)].

The line shape analysis of the fine structure of the
LUMO-related photoemission spectra allowed us to
measure the electron-phonon (e-ph) coupling in 1-ML
Ceo/Ag(100) [8]. A total e-ph coupling constant (=1.14)
and the role of relevant multiphonon replicas suggest that
this system belongs to the intermediate to strong e-ph
coupling limit.

A long-standing issue for Cgp-based systems is whether
the prominent e-ph coupling can give rise to the supercon-
ductivity even in the presence of strong electronic corre-
lations [2]. Already in the early 1990s, it was recognized
that the Coulomb repulsion energy U in doped Cgy is sig-
nificantly larger than the electronic bandwidth W [2]. This
would render A3Cgo a Mott-Hubbard insulator instead of a
metal, as experimentally observed. The persisting metal-
licity was first tentatively explained by a nonstoichiometry
of the real sample [19], similar to the case of high-T, su-
perconductors. The most recent interpretation is based on
the threefold degeneracy of the LUMO band [2].

It is important to realize that the energy scale related
to the gap opening (~250 K = =21 meV) is significantly
smaller than the total energy range over which the spec-
tral weight transfer occurs (=250 meV; see Fig. 3). Simi-
lar behavior is found at the Mott-Hubbard transition in Ni
and Mn perovskite oxides [20,21], and it is related to a
possible competition between different correlation mecha-
nisms present in the strong U limit. It cannot be ex-
cluded that a similar competition drives the gap opening
at =250 K in the 1-ML Cgp/Ag(100) system.
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A lack of the transport data does not allow deciding
whether the gap opening corresponds to a transition from
the normal to the superconducting state. From Fig. 3(a), it
is quite evident that, along with the progressive sharpen-
ing of the spectral leading edge, the decreasing temperature
induces a highly peaked emission at =30 meV binding en-
ergy. This spectral evolution is similar to the one observed
in high-T, cuprates when going from the normal to the
superconducting state [22]. Evidence from photoemission
for the superconducting transition in bulk Cgp fullerides
was reported before both K3Cgp and Rb3Cgg [4,23]. The
report by Hesper et al. [4], in particular, points out the
change in the line shape consistent with the transition to
the superconducting state. This line shape evolution cor-
responds to the one observed in Fig. 3(a).

In the BCS framework, the ratio 2Asc/kgT, = 3.528
would imply an energy gap as large as =70 meV. In-
terestingly, the spectra do show an intensity pileup at the
binding energy corresponding to one-half of such a gap
(Asc = 35 meV), as expected for the condensate peak in
the superconducting samples. Fitting the spectra with the
BCS gap function, convoluted by the experimental reso-
lution, results in smaller Agc values (=25 meV). Never-
theless, even if dealing with superconductivity, its likely
unconventional nature may require a DOS different from
the BCS one.

The critical temperature where the gap opens is at least
100 K higher than any critical superconducting tempera-
ture measured thus far (Fig. 2) [24]. However, in the
presence of the strong correlation effects, the temperature
where the gap opens does not necessarily need to coincide
with the superconducting 7T.. In fact, the most peculiar
behavior in the high-T, cuprates occurs in the low doping
regime, where a normal state gap (pseudogap) is found to
persist at temperatures as high as =250 K [25].

Other features of the 1-ML Cgp/Ag(100) system seem
also to favor the provocative superconducting scenario.
As remarked before, the buckyball-buckyball distance
in our system is extremely close to the one in Cs3Cg.
Recent ultraviolet photoemission spectroscopy data on
1-ML Cgp/Ag(100) with highly controlled K intercalation
allowed the determination of the charge state of the
buckyballs as a function of doping [26]. From these mea-
surements, the charge state in pure 1-ML Cgo/Ag(100)
was estimated to be =2 electrons per molecule. This value
is smaller than in the superconducting A3zCg. We recall,
however, that in the field effect device the superconducting
state [3] was maintained with the valence of the topmost
molecules varying between 2.3 and 3.5, which resulted in
a very little change in T,.

In conclusion, high-resolution photoemission data reveal
evidence for a temperature-dependent gap opening in the
1-ML Cgo/Ag(100) system. This result is of particular
significance in light of the recently revealed importance
of the surface layer to the superconductivity in Cgp-based
systems. The possible explanations for the observed be-
havior range from the strong correlation effects to super-

conductivity (with extremely high 7,), or a combination of
the two. At this early stage of investigation, different sce-
narios cannot be excluded either. In order to distinguish
between the different mechanisms, either transport data
or a correct form of the DOS at low T is crucial. Ex-
perimental and theoretical effort, thus far devoted to three-
dimensional bulk systems, will need to be extended to
low-dimensional structures in order truly to understand the
peculiar properties of the Cgp-based systems.
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