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The valence band evolution of C60 film upon Yb intercalation is investigated by the synchrotron radiation
photoemission spectroscopysSR-PESd technique. The results show that only Yb2.75C60 forms at lower inter-
calation stages and imply that other phases of YbxC60 sx.2.75d form with more Yb atoms intercalated into the
Yb2.75C60 sample. No Fermi edge is observed for all the spectral lines in this work, which reveals that the
superconducting Yb fulleride, whether it is Yb2.75C60 or other phase, has semiconducting property at room
temperature. To extract the intrinsic density of state of the valence band from the Yb 4f-superposed experi-
mental data, the SR-PE spectra were measured for the well-defined phase of Yb2.75C60 with varying photon
energiess18.0–45.0 eVd. The results show that the spectral data can drastically depart from the density of
states of the valence band due to the photoemission of Yb 4f core levels. However, the valence band can still
be quantitatively extracted from the experimental data by the least-square simulation.
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I. INTRODUCTION

Alkali and alkaline-earth-intercalated C60 solids have
been studied intensively in the past decade due to the super-
conducting transitions at relatively high temperatures.1,2

A great deal of attention is now dedicated to the rare-
earth-intercalated fullerides, mainly due to the observa-
tions of superconductivity,3,4 ferromagnetism and giant
magnetoresistance.5–7 Electronic structure is the foundation
of understanding the novel properties of rare-earth fullerides.
However, there are many fewer reported results concerning
the electronic structure as compared to the alkali and
alkaline-earth fillerides. In this paper, we report the synchro-
tron radiation ultraviolet photoemission spectroscopysSR-
UPSd of Yb-intercalated C60 thin film.

A previous ultraviolet photoemission study8 exhibited
the semiconducting property of Yb2.75C60 at room tempera-
ture. If Yb2.75C60 is indeed the superconducting phase as
proposed by Özdaset al.,3 it is the first finding of supercon-
ducting fulleride with semiconducting property at room tem-
perature. For comparison, alkali-doped superconducting
A3C60 sA=K,Rbd sRefs. 1 and 9d exhibited metal-like
photoemissions.10–13 Alkaline-earth-doped superconducting
Ca5C60, Sr6C60 factually Sr4C60 sRefs. 14 and 15dg and
Ba6C60 factually Ba4C60 sRefs. 14 and 15dg were also metal-
lic or semimetallic in normal states.16–22However, the super-
conducting phase of Yb2.75C60 was questioned by Takeuchi
et al.23 although the superconducting transition did exist in
the Yb intercalated fullerides.3,23 Some other reports24,25

seem to support the idea of Takeuchiet al.23 In this paper, we
investigate the valence evolution of C60 thin film from pure
C60 to Yb saturation by the SR-UPS measurements. The re-
sults exhibit the semiconducting properties for all the phases.
Thus the semiconducting property at room temperature for
the superconducting Yb fulleride is revealed, whether the

superconducting phase is Yb2.75C60 sRef. 3d or Yb4C60.
23

The 4f electrons of rare-earth metal generally distribute
very near the Fermi level and the photoionization cross sec-
tions are relatively large in the photon energy region where
the UPS is carried out. The contribution of Yb 4f electrons to
the UPS result should be subtracted to obtain a precise
knowledge of the valance band structure of Yb fulleride. In
Sec. III, we measure the UPS of Yb2.75C60 with varying pho-
ton energies. Yb2.75C60 is the unique well-defined phase of
Yb fulleride up to date.3,8,26The valence state of Yb is diva-
lent in this phase.26,27Within the photon energy regionsfrom
18 to 45 eVd used in this work, the photoinization cross sec-
tion increases for Yb 4f and decreases for C 2p with the
increasing photon energies.28 Thus we have the opportunity
to deduce quantitatively the components of the valence band
and the 4f core levels in the measured UPS lines by spectral
intensity simulations.

II. VALENCE BAND EVOLUTION OF C 60 FILM
UPON Yb INTERCALATION

A. Experiment

Sample preparations and measurements were performed
in an ultrahigh vacuum system. The base pressure was 2
310−10 torr. The incident photons were induced from the
4B9B beam line of Beijing Synchrotron Radiation Facility.
The overall energy resolution was 0.15–0.3 eV, depending
on the photon energies. An angle-resolved spherical deflec-
tion analyzer was used to collect the photoelectrons at nor-
mal emission. For the polycrystalline sample, the angle-
resolved UPS results should be considered to be analogous to
the angle-integrated results. The UPS was measured with a
sample bias of −5.0 V for the work function determination.
Binding energy was referenced to the Fermi level of the
Ags111d substrate.
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The Ag single crystal substrate was cleaned by cycles of
Ar ion bombarding and annealing at,550 °C until the clear
s131d LEED pattern was observed and the C 1s and O 1s
signals could not be observed by the x-ray photoemission
sXPSd measurement. Thoroughly degassed C60 and Yb were
sublimed from Ta boats located at about 11 cm from the
Ags111d surface. The C60 raw material was single crystals
grown by the gas-phase method29 that was ground into pow-
der by using an agate mortar before filled into the Ta boat.
The high-purity Yb s99.99%d was purchased from Beijing
Research Institute for Nonferrous Metals.

A C60 film was first prepared by evaporating C60 mol-
ecules onto the substrate. The substrate was kept at room
temperature during the C60 deposition. The film thickness is
,230 Å as determined by a quartz crystal oscillator. Then
we evaporated Yb onto the C60 thin film. During the deposi-
tion of Yb, the sample was kept at 130±5 °C. The Yb dop-
ing procedure was carried out step by step. Once the depo-
sition was over for each trail in the preparation chamber, the
sample was transferred into the analyzer chamber for UPS
measurement. The amount of Yb deposited onto the C60 film
was controlled by the electric current through the Ta boat
and the deposition time. We fixed the electric current at
9.0 A that was suitable for our experimental setup. With the
deposition time of 15 or 20 min for each trail, Yb saturation
occurred after more than 10 rounds of depositions.

B. Results and discussions

Figure 1 exhibits the valence band evolution from the
pristine C60 film sbottomd to Yb saturationstopd. The inci-
dent photon energy is 21.0 eV for all the SR-UPS lines.
Curves insad are normalized to the incident photon flux. To
emphasize the relative intensity of the lowest-unoccupied-
molecular-orbitalsLUMOd derived band, the spectral lines

are normalized to the height of the highest-occupied-
molecular-orbitalsHOMOd derived band and redrawn insbd.
The deposition time for each round is labeled next to the
lines.

It is essential to show that the intercalation of Yb is satu-
rated for the top line in Fig. 1 before we discuss the valence
evolution. Figure 2 exhibits the work functionssFd of the
sample upon the Yb intercalation. The work functions were
determined by the second electron cutoffs. The value ofF
corresponding to the top line is,2.9 eV that is near the
work function s2.7–2.8 eVd of metal Yb.30,31 Thus the re-
sults in Fig. 1 cover the electronic states for Yb fulleride
from pristine C60 to Yb saturation.

By a minor amount of Yb deposition, the LUMO band in
curve sbd and scd is partially filled by the electron transfer
from the Yb 6s orbital. HOMO and HOMO-1 move towards
lower binding energy. The integral spectral intensity of the
LUMO band increases continuously until curvesid for sjdg in
Fig. 1sad, which indicates more electrons occupy the LUMO
band with more Yb intercalation. The movement of the
HOMO and HOMO-1 bands ceases at curvescd, and the
positions of these bands keep unchanged until curvesgd as
can be seen in Fig. 1sad or more clearly in Fig. 1sbd. Figure 2
exhibits the analogous variation of the work function. The
work function of the sample increases slightly from curvesad
to scd, which may be due to the Fermi level alignmentspin-
ning at the edge of the LUMO bandd caused by the Yb dop-
ing. Then the work functions remain unchanged until curve
sgd. These observations coincide with the XPSsRef. 32d and
x-ray diffractionsXRDd23 results that only Yb2.75C60 formed
at lower doping stages. The samples corresponding to curve
sbd throughsgd are the mixtures of undoped C60 sor the solid
solutiond and Yb2.75C60. Curveshd has a line shape very near
to that of the phase-pure Yb2.75C60 sRef. 8d characterized by
the XPS measurement. However, the HOMO band of curve
shd moves slightly towards higher binding energy as com-
pared to the HOMO band of curvescd throughsgd. Thus we
argue that the phase-pure Yb2.75C60 corresponds to the inter-

FIG. 1. sad Valence-band evolution of Yb-intercalated C60 film.
The bottom curve is the SR-UPS for pure C60 film. Spectral lines
are normalized to the incident photon flux.sbd The enlarged view of
the parts near the Fermi level, with the heights of HOMO features
normalized to that of the pure C60 film. The intensity of the HOMO
feature for pure C60 is multiplied by 1/2. The incident photon en-
ergy is 21.0 eV.

FIG. 2. Work functionssFd of the sample upon Yb intercalation.
The values ofF are determined by the second electron cutoffs of
the spectral lines. The meaning of the symbols ofsad, sbd, et al. in
the figure is the same as that in Fig. 1.
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calation stage between curvesgd andshd. The work functions
in Fig. 2 support the above ascription.

From curvesid on, HOMO and HOMO-1 move obviously
towards higher binding energy until curveskd and the work
function decreases substantially. The decrease of the work
function can be interpreted either by the excess Yb atoms on
the sample surface or the filling of the LUMO+1 band of
C60. However, the obvious movements of the HOMO band
can only be explained by the LUMO+1 filling. With the
LUMO+1 occupation, the Fermi level moves to the
LUMO+1 band, and the LUMO feature together with the
HOMO and HOMO-1 features moves to higher binding en-
ergies. The largest width of the combined LUMO and
LUMO+1 bands is,2.0 eV fcurveskd throughsmdg, which
is nearly the same as that found in the alkaline-earth
fullerides16,17 where the LUMO+1 band was also filled.

UPS can detect only the top layer of fulleride samples.33

Electronic structure at the surface may differ from that of the
interior of the sample.34 Thus it is desired to make clear
whether the LUMO+1 filling occurs only at the surface or in
the bulk of the sample. The sample thicknesss230 Åd corre-
sponds to,28 layers of C60 by supposing as111d surface
termination of solid C60. The number of the Yb layer should
be,56 for Yb2.75C60. The average distance between Yb ions
in the plane parallel to thes111d surface is,10 Å sthe crys-
tal structure of Yb2.75C60 is somewhat analogous with that of
Rb3C60 that was schematically shown in Ref. 34d. sThe de-
parture from the vacancy centers of the Yb ions27 is not
related to the topics discussed here.d For metal Ybsfcc struc-
tured, lattice constant is 5.5 Åd, the interatom distance is
,4 Å in the s111d plane. If Yb atoms did not diffuse into the
sample after the uniform Yb2.75C60 sample formed, the atoms
should accumulate on the surface from curvesgd for shdg on.
The accumulated Yb should be,20 layers for curvesmd
according to the deposition time and the assumption of the
s111d surface termination of Yb film. The UPS signal of
Yb2.75C60 should be attenuated entirely, and the electronic
structure of metal YbsRef. 8d should dominate the UPS line.
However, curvesmd in Fig. 1 still exhibits the HOMO,
LUMO, and LUMO+1 bands. Although it seems that there
are excess Yb atoms on the sample surface for curvesmd by
the inspection of the line shape and considering the work
function, the amount of the excess atoms is far less than 20
layers. Thus we argue that Yb atoms can diffuse into the
Yb2.75C60 sample and other fulleride phasessd forms with the
LUMO+1 band filling. It is difficult to determine the com-
position of the fullerides beyond Yb2.75C60 by the UPS tech-
nique. We speculate they might be Yb4C60 sRef. 23d and
Yb6C60 sRef. 35d that were found by the XRD researches. It
should be pointed out, however, Refs. 23 and 35 can only be
considered as uncompleted and crude XRD studies on the
stoichiometry of the Yb intercalated C60. The topic of the
phases of the Yb-intercalated fullerides is, in our opinion,
still open.

In any case, there is no Fermi edge in all the spectral lines
in Fig. 1. This observation reveals that the superconducting
Yb fulleride is semiconducting at room temperature, what-
ever its stoichiometry is. Yb-intercalated C60 is the unique
superconducting fulleride found so far with semiconduction-
like photoemission at room temperature.

Although a semiconductor cannot directly transform to be
a superconductor according to the contemporary physical
concepts, the superconducting transition can occur for semi-
conductors with structural or electronic phase transitions. Ar-
vanitidis et al.24 recently found the electronic phase transi-
tion of Sm2.75C60 at 32 K. The valence state changed from
2+ to s2+«d+ below 32 K, where« is a positive quantity. If
the electronic phase transition takes place also in
Yb-intercalated C60, the metallic state may emerge before the
superconducting transition. Thus the result of this work can-
not be considered as contradiction to basic physical concepts.
On the contrary, by keeping in mind the strongly correlated
electronic properties of rare-earth ions and C60, our observa-
tions imply more interesting physical phenomena should be
observed at low temperatures for Yb-intercalated C60.

III. SR-UPS OF Yb2.75C60

A. Experiment

The sample preparation procedure is analogous with that
described in Sec. II except that the sample was characterized
by the XPS measurements. When the C 1s movement to-
wards lower binding energy reached 0.5 eV, we changed the
spectrometry mode from XPS to UPS. The movement of
0.5 eV is the XPS characterization of phase-pure
Yb2.75C60.

8,26,32 Six different photon energies from 18.0 eV
to 45.0 eV were adopted to measure the electronic density of
states near the Fermi level.

B. Results and discussions

The SR-UPS results of Yb2.75C60 with varying photon en-
ergies are shown in Fig. 3. The spectral line with the incident
photon energy of 21.0 eV is much analogous with that8 mea-
sured for Yb2.75C60 by using the He I radiation.

Line shape varies greatly with different incident photon
energies in Fig. 3. After a set of datum as Fig. 3 was ac-
quired, we repeatedly measured all the six UPS lines once
again and obtained the same results. Thus the drastic varia-
tions in Fig. 3 are not due to the experimental error or oxi-
dization. The only possible reason for the shape variation is
the photoionization cross section effect. Although the calcu-
lated results for atoms28 exhibited the photoionization cross
section increases for Yb 4f states and decreases for C 2p
states within the photon energy range of this work, we could
not anticipate such drastic line variations as in Fig. 3 before
the SR-UPS measurements because of the photoionization
cross section oscillation36 of the HOMO and HOMO-1 bands
of C60. In the following, we will deduce quantitatively the
component contributions to the spectral line of Yb2.75C60.
The components include the C 2p-derived LUMO, HOMO,
HOMO-1 bands, and the Yb 4f7/2 and 4f5/2 core levels.

We first subtracted the HOMO-2 contribution to the
higher binding energy parts of the spectral lines by the
exponent-type extrapolation, as in Ref. 34 The resulting
spectral lines are shown with the triangle-linked lines in Fig.
4 sonly the two spectral lines recorded with the photon en-
ergies of 21.0 eV and 35.0 eV are given as representatived.
Then we simulated the components with Gaussian-type lines
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except the LUMO band. The line shape of the LUMO feature
remarkably departs from Gaussian shape due to the strong
correlation and the possible hybridization effects.27 We will
obtain the LUMO component by subtracting the rest compo-
nents, which will be obtained by a simulating process, from
the experimental spectral line.

The quantitative contributions of the components are ob-
tained by the least-square simulation method. The simula-
tion, as schematically shown in Fig. 4, is carried out only for
the parts with binding energies larger than the peak position
of 4f7/2 because the LUMO feature cannot be simulated by
the Gaussian-type line, as mentioned above.

The adjustable parameters in the simulation include peak
positions, full widths at half-maximumsFWHMsd and peak
heights. The peak height of 4f5/2 is fixed to be 3/4 times that
of 4f7/2, and the FWHMs for 4f7/2 and 4f5/2 are fixed to be
the same to reduce the number of the adjustable parameters.
We further imposed some constraints to the peak positions.
In principle, we kept the peak positions unchanged for the
spectral lines acquired with different incident phonon ener-
gies. We merely allowed the peak positions to vary within
the range of ±0.05 eV to compensate for the experimental
uncertainties. The starting values for the HOMO and
HOMO-1 positions in the simulation process can be easily
and rather accurately read from the lower three spectral lines
in Fig. 3. The starting values for the Yb 4f positions are
referenced to metal YbsRef. 8d and the XPS result of
Yb2.75C60.

32 Thus, the adjustable parameters about the peak
positions are mainly based on the experimental data, rather
than indeed adjustable. The values that can make the simu-
lated lines fit the experimental ones fairly well are
1.40s±0.04d eV, 2.13s±0.02d eV, 2.65s±0.05d eV, and
3.4s±0.03d eV for 4f7/2, HOMO, 4f5/2, and HOMO-1, re-

spectively. The numbers in the parentheses are the scattering
of the peak positions for the six spectral lines in Fig. 3,
which are within the experimental uncertainty. The actual
adjustable parameters are peak widths and heights. The start-
ing values of the peak widths are referenced to metal Yb
sRef. 8d s4f statesd and Rb3C60 sRef. 34d sHOMO and
HOMO-1d. The simulated results of peak widths are slightly
larger for the spectral lines measured with higher photon
energies as compared to that for the spectral lines recorded
with lower photon energies. For examples, the HOMO fea-
ture has FWHMs of 0.54 eV, 0.56 eV, and 0.62 eV for the
spectral lines with the incident photon energy of 21.0 eV,
35.0 eV, and 45.0 eV. The FWHM variation coincides with
the resolution variation of the spectrometry with varying
photon energies.

The dashed line in Fig. 4 is the simulated result. It is the
sum of the 4f7/2, HOMO, 4f5/2, and HOMO-1 components.
The LUMO band is then obtained by subtracting the dashed
line from the experimental linesrepresented by the triangle-
linked lined. This procedure should bring out error to the
simulation if the 4f7/2 feature superposes on the LUMO fea-
ture too much. Fortunately, the LUMO band generally has a
bandwidth less than,1.3 eV in the UPS measurements as

FIG. 3. SR-UPS of Yb2.75C60 with varying incident photon
energies.

FIG. 4. Schematic representation of the determination of com-
ponent contributions to the spectral lines. The five components,
from lower binding energy to higher binding energy, are LUMO,
4f7/2, HOMO, 4f5/2 and HOMO-1 states. The components are simu-
lated by Gaussian lines except the LUMO feature. The short vertical
lines indicate the fine structures of the experimental lines can be
reproduced by the simulation. The dashed lines represent the simu-
lated sum of the 4f7/2, HOMO, 4f5/2, and HOMO-1 components.
The triangle-linked lines are the experimental data, and the solid
bold line represents the ultimately simulated result. The peak posi-
tions are,1.40, ,2.13, ,2.65, and,3.4 eV for 4f7/2, HOMO,
4f5/2, and HOMO-1, respectively.
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has been revealed in the alkali and alkaline-earth fullerides.
The 4f7/2 feature has a binding energy no less than 1.3 eV in
Yb2.75C60. Only part of the 4f7/2 feature whose binding en-
ergy is less than the peak positions,1.4 eV, see the above
paragraphd superposes on the LUMO band. Thus the super-
position of the LUMO and 4f7/2 features does not affect the
precision of the simulation to the part with binding energies
larger than the peak position of 4f7/2. The resulting LUMO
band is also rationality.

In Fig. 4, even some fine structures of the experimental
data can be reproduced by the simulation. The fairly good
simulation process makes us believe that Fig. 4 successfully
discriminates the valence bands from the 4f core levels.

For all the spectral lines recorded with six different pho-
non energies, we schematically show in Fig. 5 the ratios
between the spectral area of each component and the total
area of the experimental line. The 4f contributions are less
than 2.5% below 25.0 eV in Fig. 5. The UPS measurements
with photon energies less than 25.0 eV thus reflect mainly
the valence bands of Yb2.75C60. With the photon energy of
40.0 eV, the contribution of the 4f features increases by,3
times. Taking into account that the peak widths of the 4f core
levels are much narrower than that of the valence bands,
their peak heights increase more remarkably. The 4f states
locate just at the hollow regions of the density of states of the
valence bands. So, the contributions of the 4f states drasti-
cally change the shape of the UPS line recorded with high
photon energies. However, the valence band of Yb2.75C60 can
be deduced by utilizing the synchrotron radiation in the pho-
toemission measurements, whether the 4f contributions are
minor or significant.

IV. CONCLUSIONS

Valence evolution of Yb-intercalated C60 film demon-
strates that the superconducting Yb fulleride is semiconduct-
ing at room temperature, whatever its stoichiometry is.
Based on this observation, we speculate that interesting phe-

nomena such as electronic or structural phase transitions, be-
sides the superconducting transition, should be observed in
Yb-C60 compounds at low temperatures. Besides Yb2.75C60,
other phases seem to exist in the Yb-intercalated C60 mate-
rials with the LUMO+1 band filled. The valence band
of Yb2.75C60 is extracted quantitatively from the
4f-core-level-superposed photoemission data by utilizing the
synchrotron radiation.
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