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The density of states of the lowest unoccupied molecular orbital band as a function of K doping was
investigated by yield spectroscopy excited with visible and near-uv photons. The Fermi level position was
determined at each composition with high precision. The superconducting phase K3Co60 exhibits a clear
metallic edge, although the Fermi level is positioned at low state density [JV(Ef) =0.8 ~0.2 states/eV
moleculel past the band maximum. The K4C60 phase is insulating. Correlation effects are necessary to
explain the data as a function of doping.

PACS numbers: 74.70.Wz, 79.60.Bm

A large amount of work has been devoted recently to
the understanding of the normal state of doped C60,
which becomes superconducting at relatively high tem-
perature [ll. Special attention was paid to the evolution
of the electronic state density at the Fermi level upon in-
creasing the doping concentration. Despite the apparent
simplicity of the charge-transfer doping process and the
early suggestion of a rigid-band filling mechanism, exper-
imental evidence piled up pointing to a much more com-
plex situation. It was evident from photoemission spectra
that the filling was not rigid-band-like, since a broad
lowest unoccupied molecular orbital (LUMO) derived
band was already present at low doping, whose intensity
(but not the width) increased upon increasing x [2].
However, the early photoemission data [2-6], while
showing clearly the insulating character of the A6C6tt (2
standing for an alkali metal), were not able to establish
conclusively whether a clear Fermi edge was present at
lower concentration. In particular the Fermi edge posi-
tion and the density of state at the Fermi level for the su-
perconducting x =3 phase were not determined unambi-
guously. More recently, Takahashi et al. [7] questioned
the presence of a distinct Fermi edge at the superconduct-
ing composition 23C60 and presented data suggesting
that a pseudogap opens at the Fermi level. Lof et al. [8]
proposed that K3C60 is a Mott-Hubbard insulator with a
gap of =0.7 eV and that the actual superconductor has
an oA-stoichiometric composition, similar to the high-T,
cuprates. Very recently Merkel et al. [9] claimed the
presence of a distinct Fermi edge for 0& x ~ 3.6 and
denied the presence of a pseudogap.

Most information came from photoemission experi-
ments performed on samples doped in situ under ultra-
high-vacuum conditions. The main difticulty with these
experiments resides in the absolute calibration of the al-
kali metal content and the singling out of homogeneous
phases. Some discrepancies in the literature probably
have this origin. Another di%culty stems from the steep-
ness of the band edges that renders uncertain the
identification of the Fermi function cutoA and the loca-
tion of the Fermi level with the required precision to
choose among insulating, metallic, or pseudogap regimes.
In the present experiment these issues were addressed

with the use of photoelectric yield spectroscopy (YS)
with the exciting photons varying in the visible and near-
uv ranges. The YS was operated in the constant final

state mode; i.e., the photoemitted electrons of a chosen
kinetic energy were collected as a function of photon en-

ergy. In this operating mode the signal for molecular
and/or disordered solids [10] is directly proportional to
the density of occupied states times the transition matrix
element. This technique provides both a high resolution
and a high dynamical range (up to 7 orders of magnitude
in the state density variation as a function of energy can
be followed) [11]. As a consequence the Fermi function
cutoA was easily identified and the Fermi level located
with high precision.

C60 samples were prepared in situ by evaporating
powders provided by MER Corporation in a preparation
chamber whose basic pressure was 8 x 10 " Torr. Dop-
ing was obtained by evaporating potassium from well de-
gassed SAES getter sources. The amount of evaporated
C6p and K was measured during deposition by a quartz
crystal thickness monitor. Two series of samples were

prepared. In the first one, the required amount of potas-
sium was evaporated on the clean surface of the C60 film.
In the second series, after deposition of a thin C60 layer,
the required amount of K for x =6 concentration was

evaporated, followed by further C6tt evaporation. The
chosen K concentration in the thin near-surface region in-

volved in the photoelectron measurements was therefore
obtained by outdiffusion. This procedure resulted in a
substantial uniformity of concentration in the investigat-
ed surface layer. All samples were characterized by
monoch rom atized x-ray photoelectron spectroscopy
(XPS) (total resolution 0.350 eV), ultraviolet photoelec-
tron spectroscopy (UPS) (total resolution 100 meV), and

photoelectric YS (total resolution 50 meV). Resolution
and dynamical range were checked on the Fermi function
cutoA of gold.

Since the correct evaluation of the K content is central
to the problem of metallic or insulating ground state, we

start the data presentation with a brief discussion of the
procedure that was adopted. Full details will be present-
ed elsewhere [10]. Three methods have been employed:
quartz-crystal thickness monitor, analysis of the intensi-
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FIG. 1. Intensity ratio R of the two chemically shifted com-
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ties of the highest occupied molecular orbital (HOMO)
and LUMO derived bands of the UPS spectra, and
analysis of the XPS core level intensities, using table
values for the cross sections [12]. We found the latter
technique to be the most reliable. However, since we
were trying to single out the x=3 phase with the best
precision possible it was necessary to further test the XPS
calibration and to find a reliable procedure to obtain a
single phase. This was accomplished as follows. The K
2p core levels were quantitatively analyzed [10] as a
function of doping. In the bcc phase the K sites are all
equivalent and we expect a single spin-orbit doublet; in

the fcc phase the potassium can occupy tetrahedral and
octahedral sites and two chemically shifted components
are foreseen. Therefore the relative intensity of the two
doublets gives a direct indication of the phases present in

the sample. Since there are two tetrahedral and one octa-
hedral site occupied per C6O, a single x =3 fcc phase ex-
hibits an intensity ratio R= 2. However, R= 2 does not

necessarily imply a homogeneous x =3 phase, since re-
gions of x =0 composition can be present that do not con-
tribute to K core level intensity. The measured intensity
ratio R of the two chemically shifted components is re-
ported in Fig. 1 as a function of the K content x(XPS) as
determined by the XPS calibration. We see that there is
a very sharp decrease of R for x(XPS) & —3.5, in agree-
ment with previous findings [13] that x =3 and x =4 are
stable phases. The spread of x(XPS) values for R = —,

' is

attributed to the presence of x =0 regions whose amount
is very sensitive to the preparation history. This interpre-
tation was further corroborated as follows. Several sam-
ples of the second series, doped by outdifYusion of K de-
posited underneath, with K in the range 0 & x(XPS) & 3,
were heated up to —310 C. This caused C6o molecule
evaporation and invariably resulted in a stable phase with
R= —,

' and a narrow x(XPS) distribution in the range
3.65 & x(XPS) & 3.8. Clearly these samples were com-

FIG. 2. Photoelectric yield spectra around the Fermi level
for x =3 and x =6, shown on linear (upper) and logarithmic
(lower) scales. The origin of the energy scale is taken at Ey,
determined as explained in the text.

posed of a single x =3 phase. In conclusion we found a
reliable way to obtain samples exhibiting a single x =3
phase and a calibration factor C=0.81 ~0.02 for the
XPS concentrations. In the following, the samples are
quoted with the corrected x values [14].

Next we discuss the YS data and the determination of
the Fermi level position. In Fig. 2 the portion of the
LUMO derived band close to Ey is reported on an ex-
panded scale for x =3 and x =6 samples. We see in Fig.
2(a) that, thanks to the high resolution, the slope varia-
tion due to the Fermi function cutoA is clearly visible in

the x=3 spectrum. No such cutoA is visible for x=6.
In Fig. 2(b) the spectra are plotted on a logarithmic
scale. Thanks to the high dynamical range, the exponen-
tial decay of the Fermi function can be followed over
more than 5 orders of magnitude in both cases. Concern-
ing the sample x =6 the Fermi cutoA starts in a region
where the density of states (DOS) is approximately 2 or-
ders of magnitude lower than the value at the maximum.
These tail states are probably due to disorder and are lo-
calized. The spectrum shows, therefore, how the insulat-
ing LUMO band appears on a high dynamical-range
scale. By fitting the exponential region in each measured
sample the Fermi level position was determined with high
precision. The estimated error is + 0.02 eV for the cases,
like the x =3 sample, where Ey lies in a region of high
DOS and ~ 0.05 eV when Ey is located at a much sma11-
er DOS as exemplified by the x =6 sample.

The full YS spectra of the LUMO band for four
representative K concentrations and the corresponding
UPS spectra are reported in Fig. 3. In the UPS data the
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FIG. 3. (a) UPS spectra for four representative K concentra-
tions. The origin of the energy scale is taken at the maximum
of the highest HOMO band. The Fermi level position is indi-
cated by arrows. (b) Photoelectric yield spectra of the same
samples. The origin of the energy scale is taken at the Fermi
level. The spectra of the x =1.1, x =3, and x =4.3 samples are
expanded for the sake of clarity according to the following fac-
tors: 10, 3.2, and 1.5.

two uppermost valence bands only are shown. Several
conclusions can be derived from the present data. Con-
cerning the x =3 doping, the edge of the LUMO derived
band is clearly metallic although the Fermi level is locat-
ed in a region of low state density past the DOS max-
imum. Assuming a complete charge transfer from K to
Csp we found JV(Ef) =0.8 +'0.2 states/eV molecule (spin
included), which is somewhat lower than previous esti-
mates from UPS data [3] and more than I order of mag-
nitude lower than NMR [15] and thermopower [16]
values. We observe, moreover, that the band is rather
broad. By subtracting the contribution due to the tail of
the uppermost HOMO band with the help of the UPS
data we find a width at half maximum of 1.0 eV.

Samples with x & 3 always exhibit a double structure
like that in Fig. 3(b) for the x =1.1 case, the peak at 1

eV being the dominant one at lower K concentrations.
With increasing x the shoulder close to the Fermi level
becomes stronger and eventually evolves toward the
broad band characteristic of the x =3 concentration.
Moreover, as exemplified by the x =1.1 case, Ef is always
located in the low intensity side of the high energy shoul-
der. The DOS at Ef is still high and the edge metallic al-
though 1V(Ef) is a factor of —3 lower than the DOS at
the maximum, similar to the x =3 case. Clearly this be-
havior points to the simultaneous presence of diAerent
phases: the x =3 phase with metallic character, a diluted
one accounting for the peak at 1 eV below Ef, and possi-
bly regions of x =0 phase. This interpretation is corro-

borated by the analysis of the K 2p and C 1s core levels
[10].

For x~ 4 Ef is located in the band tail, i.e., in a region
where the density of states is more than 1 order of magni-
tude lower than the value at maximum. This is the be-
havior of the insulating LUMO band as pointed out
above. The YS data show that K C6p is already insulat-
ing at x=4. To our knowledge this is the first direct
proof of the insulating character of K4C6p and agrees
with the conclusion derived from the coherent spin pre-
cession of muonium [17]. A further characteristic of the
spectra at high x values is that the LUMO band is much
narrower than in the x ~ 3 cases.

We now discuss the problem of the LUMO charge-
transfer filling and the importance of correlation eAects.
Band calculations invariably predict a large HOMO-
LUMO gap and narrow bands at all doping concentra-
tions [18]. Furthermore, with increasing x the distance
of the Fermi level from the HOMO band is expected to
increase by an amount comparable to the narrow LUMO
bandwidth. These would be the characteristic features of
a rigid-band filling of the LUMO derived band upon dop-
ing and of negligible correlation eA'ects. Our data
confirm early observations based on UPS measurements
[2,3,6] that the filling is not rigid-band-like. Indeed,
upon inspection of the YS data, the UPS spectra aligned
to the maximum EH of the highest HOMO band, and the
relative position of the Fermi level, the following features
are immediately apparent. At low x values the LUMO
derived band is already very broad and completely fills

the energy region between Ef and the highest HOMO
band. With increasing x there is a progressive creation of
new filled states in the same energy region and the band
remains very broad up to x =3. Ef moves closer to EH
with increasing x instead of moving farther as expected
for rigid-band filling. Finally, there is the clear indication
that K„C60 is already insulating at x =4.

The observation that for every x value Ef is located
past the peak maximum suggests the presence of an in-
teraction which pulls down the LUMO states upon occu-
pation. From this point of view our data are in qualita-
tive agreement with the opening of a pseudogap as sug-
gested by Takahashi et al. [7]. It is likely that electron
correlation is responsible for the observed behavior as a
function of doping. Indeed, while 3ahn-Teller distortions
are small [19], electron correlation is strong. It was es-
timated that there is a positive correlation energy U of
—3 eV for adding electrons on a C6p molecule [20]. Ex-
perimentally it was found U= 1.6 eV for solid C6p [8]. It
seems, therefore, that most of the experimental observa-
tions on doped C60, including the present ones, can be ex-
plained within the framework of a correlated system with
positive U. However, we emphasize that for x =3 the
edge is still metallic and that this behavior is quite repro-
ducible. It seems unlikely, therefore, that the x =3 phase
is a Mott-Hubbard insulator [8] but rather that it is a
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correlated system in the intermediate coupling regime.
Finally, let us stress a feature which is dificult to un-

derstand not only with a model of rigid-band filling but
also using the positive correlation concept and that is the
observation that the distance of the Fermi level from the
top of the HOMO band (Ey —EH) does not increase (ac-
tually it decreases slightly) for x ) 3 [21]. In a correlat-
ed system with positive U a jump AE =U/2 is expected
for EJ when the filling goes from half (x =3) to full
(x =6) due to the double filling of the states. Since the
estimated correlation energy for C60 is =1.6 eV, the dis-
tance EI —EH going from x =3 to x =6 should increase
by —0.8 eV, contrary to what is experimentally observed.
In order to keep constant the Fermi level position when

going from half to full filling, a correlated system should
have a negative U. This is certainly true in the strong
correlation limit [22]. We arrive therefore at the rather
intriguing conclusion that in order to explain the Ey be-
havior in solid C60 one of the following two possibilities
should be investigated: either EI remains constant for U
positive in the intermediate coupling regime or a new

effect should be looked for which oAsets the positive
correlation resulting in an eAective negative U* that
tends to pair electrons. This possibility was suggested
[23] as a mechanism for the superconductivity in these
materials.

In conclusion, we have investigated the electronic states
of doped C60 by means of photoelectron yield spectrosco-

py excited with low energy photons, a technique which al-
lows both a high resolution and a high dynamical range.
The Fermi edge on the decreasing side of the density of
states was identified. It was found that for x ~ 3 the
edge is metallic but K4C60 is clearly insulating. The be-
havior as a function of doping is not one-electron-like and
requires correlation eAects in order to be understood.
Puzzling enough the behavior of EI for x ) 3 resembles
that of a correlated system with negative U.
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