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Correlation and electron-phonon effects in the valence-band photoemission spectra
of single-phase K3C60 films
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Ultraviolet photoemission spectroscopy is used to show that the density of states just below the Fermi edge
of a high quality single-phase K3C60 film is significantly affected by temperature. In addition, the possible
contribution of electron-phonon and electron-plasmon interactions, as well as of correlation effects to the
lowest unoccupied molecular orbital derived photoemission spectrum is addressed by reproducing the experi-
mental data starting from theoretical density of states reported in the literature and by comparison with the
photoemission spectrum of a single-ordered layer of C60 on Ag~100!. @S0163-1829~98!10339-9#
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I. INTRODUCTION

Because of the superconductivity at relatively high te
perature in the stableA3C60 phase~A is alkali metal or binary
composition of alkali metals!,1 the electronic structure nea
the Fermi level of the alkali-metal fullerides has been wid
investigated by means of valence-band photoemiss
spectroscopy.1–10 Since high-quality single crystals are n
available for photoemission measurements, most exp
ments have been performed onAxC60 samples obtained by
adding the alkali metals to a thick-ordered or -disordered60

film. Unfortunately, this preparation technique leads
sample inhomogeneities and multiphase formation, prod
ing a nonequilibrium distribution of phases and disorder
the film. As a consequence, a reliable comparison of both
experimental results and their interpretations with theoret
predictions is difficult. At this light, a detailed and reliab
knowledge of the electronic density of state ofA3C60, is
lacking. In particular, the effects of the rapid re-orientati
of the C60 molecules~i.e., the flipping motion! on the density
of states~DOS! near the Fermi level has never been a
dressed to our knowledge experimentally and the contr
tion of electron correlations, electron-phonon coupling, a
Jahn-Teller~JT! distortion to the electronic properties as we
as to the photoemission spectra is still unclear.

One of the most peculiar phenomena is the unusual
havior of these materials as a function of the alkali-me
doping: onlyA3C60 is metallic while all other stable phase
are insulating. This is in contradiction with band-structu
calculations1,11–22 that predict all of them to be metalli
~apartA6C60) due to the threefold degeneracy of the lowe
unoccupied molecular orbital~LUMO!-derived conduction
band. This experimental evidence points to the existenc
strong correlation effects in fullerides and, indeed, the e
PRB 580163-1829/98/58~16!/11023~6!/$15.00
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mated Hubbard energyU ~1.6–0.6 eV, depending on th
system and on the estimation10,23–25! is larger than, or of the
same magnitude of the calculated band widthW ~0.4–0.5
eV!.11–22 Based on this fact, one should expectAxC60 com-
pounds be Mott insulators for any integerx51, . . . ,5. It has
therefore been suggested that stoichiometricA3C60 is a Mott
insulator and that the observed Fermi edge in photoemis
is due to the emission from a nonstoichiometric sample
surface.23

To shed light in this situation, photoemission data of we
ordered single-phaseA3C60 solids are required. This pape
reports on ultraviolet valence-band photoemission data fr
a well-ordered single-phase film of K3C60 at 300 and 93 K. It
is supposed that the temperature dependence of the de
of states~DOS! just below the Fermi edge can be ascribed
the slowing down of the flipping motion of the C60 molecules
as the temperature is decreased. In addition, by simula
the low-temperature experimental data using theoretical d
sity of states reported in the literature,11–22 the contribution
of electron-phonon and electron-plasmon interactions,
well as of correlation effects to the LUMO-derived phot
emission spectrum of K3C60 have been discussed.

II. EXPERIMENT

A 200-Å-thick K3C60 single-phase ordered film wa
grown in ultra high vacuum on a clean Ag~100! surface fol-
lowing thevacuum distillation technique.26,27 Particular care
was devoted to ensure cleaning conditions and an hom
neous distribution of the K atoms during the film growth. C60
molecules and K atoms were evaporated from outgasse
crucible and commercial SAES getter source, respectiv
An under stoichiometric KxC60(x51.5) film was grown
‘‘layer by layer’’ at the top of the well-ordered C60/Ag(100)
monolayer~ML ! by alternating about 4 ML of C60 with an
11 023 © 1998 The American Physical Society
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amount of K atoms necessary to reach thex51.5 stoichiom-
etry. During the growth, the substrate temperature was
K. When a thick homogeneous K1.5C60 film was obtained,
the sample was kept at 600 K for 75 h. In this way,
evaporation of the exceeding C60 molecules, it is allowed the
formation of an ordered K3C60 single-phase film26,27as dem-
onstrated by core level x-ray photoemission,28 low-energy
electron diffraction ~LEED!, and valence-band ultraviole
photoemission. The sample showed a two-domain exag
LEED pattern at 100 K. The two domains were related b
90° rotation. Further annealing at 600 K did not lead to f
ther changes in the photoemission spectra and LEED pat
demonstrating that the distillation process was carried ou
completion.

In the present experiment, photoelectrons were excited
the He-I radiation and collected at an emission angle of
with respect to the surface normal by an angle-resol
50-mm hemispherical analyzer. The overall energy reso
tion was about 50 meV, while the origin of the binding e
ergy scale was set at the Fermi edgeEF of the Ag~100!
substrate.

III. RESULTS AND DISCUSSION

Before discussing the experimental data, it is importan
highlight the importance of the sample quality in this expe
ment. Figure 1 shows the LUMO-derived valence-band p
toemission spectrum of the single-phase film at 93 K a
room temperature~300 K,RT!. As reported in previous
studies,2–10 the width of the LUMO-derived spectral weigh
is about 1.35 eV, which is significantly larger than that p
dicted by band-structure calculations in the local-density
proximation~LDA !.11–22 This anomalous width has been
turn associated to the presence of phonon and plas
satellites,5,7 correlation effects,6,22,23band reconstruction du
to JT distortion of the molecules,20 and inequivalence be
tween surface and bulk contributions in the photoemiss
spectrum.9 Of course, all these mechanisms can generate
culiar spectral features. Indeed, the spectrum at 93 K is c
acterized by a first sharp peak at about20.06 eV followed
by a shoulder at20.1 eV, two clear peaks at20.26 and
20.32 eV, and a large feature at'20.65 eV. Although the
general shape of this spectrum is similar to the best vale
band photoemission spectra reported in the literature
K3C60 films at 10 and 40 K,5–7 it is worth noting that, in spite

FIG. 1. LUMO-derived photoemission spectra at 93 K and
of an ordered K3C60 single-phase film.
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of the worse-energy resolution and higher temperature,
these structures are better resolved here. Very likely thi
due to the high quality of the sample used for the pres
experiment.

Having established the importance of the sample qua
Fig. 1 shows that on going from 93 K to RT the fine structu
observed in the spectral region between20.4 eV up toEF ,
is almost completely washed out. In particular, the first pe
at 20.06 eV is strongly quenched and the spectral inten
at EF decreases by about 7%. On the contrary, the emis
intensity increases in the region around20.45 eV. The com-
pletely reversible nature of these changes as a function
temperature points to an intrinsic origin. Moreover, t
spectral-weight transfer from the region close toEF to the
region around20.45 eV and the decrease of DOS atEF

suggest that this effect is not solely due to thermal broad
ing of the Fermi-Dirac distribution.

On the other hand, similar temperature behaviors are
ported for photoemission spectra of Rb3C60 ~Ref. 5! and
K3C60 ~Ref. 7! films. In these works it is shown that th
LUMO-spectral changes occur continuously with tempe
ture in the range 10– 425 K and that K3C60 and Rb3C60 films
show essentially the same temperature dependence.5,7 The
authors of these works5,7 have ruled out that the observe
behavior is due to the contemporary presence of manyAxC60
phases and to variation in the relative amounts of each c
position with temperature. Furthermore, if the sample is s
ichiometric as in the present case, from analogy with b
studies29 no phase changes would occur across the temp
ture range used here. Finally, calculations5 including theAg
andHg phonon modes~the only intramolecular vibrations o
the right energy that can couple with the LUMO electrons30!
have shown that phonon population changes with temp
ture cannot account for the present temperature depend
of the photoemission spectra.

Instead the gross changes occurring on going from 93
to RT can be tentatively explained as a consequence
electron-electron interactions together with a growing up~or
a slowing down! of the flipping motion of the C60 molecules
as the temperature increases~decreases!, as discussed in the
following.

A. Effects of orientational disorder

In the stable K3C60 solid, the fullerene balls form a fcc
lattice, while the potassium atoms are intercalated in the
tahedral and tetrahedral interstitial sites.1,31 An important is-
sue, in describing this structure is the intrinsic orientatio
disorder of the C60 molecules. Two orientations~A andB! for
the C60 molecules related by ap/2 rotation about a twofold
axes~merohedral disorder! seem to be present in K3C60. At
room temperature these orientations are equally popul
and randomly distributed.31–33 The molecules continuously
jump betweenA andB orientations~the flipping motion!. As
in the case of pure C60 solid in its low-temperature, simple
cubic phase,34 the flipping motion is slowed down as th
temperature decreases and the populations of the two o
tations are expected to vary as a function of temperature

To understand the role that this intrinsic molecular orie
tational disorder could play in determining the DOS ne
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EF , the effects of the molecular orientations on the el
tronic structure of K3C60 have been studied by means
tight-binding models.13,16,17,21,22For a system where all th
molecules of the unit cell have the same static orientation~A
or B, uniaxial order!, the DOS of the LUMO-derived band
presents substantial structures: deep minima, sharp pe
and shoulders.11–22 As shown by several works,16,21,22these
features are almost completely washed out when a rando
distributed merohedral disorder of the molecules is ta
into account~maximal or uncorrelated disorder!. In particu-
lar, the DOS in the uniaxial ordered case has a sharp pe
few tens of meV belowEF , which gradually disappears a
the degree of disorder evolves toward the maximal disor
A similar behavior is observed in our photoemission spec
on going from 93 to 300 K. The sharp peak at20.06 eV,
present in the low-temperature spectrum, is strongly
pressed at room temperature. Furthermore, all the calc
tions provide for the ordered case a density of statesN(EF)
at the Fermi level higher than in the disordered one. Thi
again in agreement with our experimental observati
Therefore, the photoemission spectra of Fig. 1 seems to
gest an increased orientational order on going from RT
low temperature.

On the other hand, the uniaxial ordered structure is alm
certainly not the most favorable one. Calculations35 then
confirmed by experimental data36 have predicted that the
lowest-energy structure atT5O is the one where neighbor
ing molecules have opposite orientations as far as poss
~i.e., molecules orientedA are surrounded by molecules or
entedB!. This orientational correlation at low temperature
however, restricted to neighboring molecules and there is
long-range order:36 the expected DOS has a quite smea
out shape as in the case of uncorrelated disorder. Given
above arguments, it is very unlikely that the observ
changes are related to an ordering of the C60 molecules as the
temperature decreases.

A possible explanation for the observed changes in
spectral region close toEF as a function of temperature i
instead related to the flipping motion of the C60 molecules. It
is known that the cubic crystal field splits the C60 carbon
atoms in three nonequivalent species, namely, C1, C2,
C3 with ratio 1:2:2. Calculations12,37 suggest that the distri
bution of the charge donated by K atoms to C60 is strongly
anisotropic over the three carbon species when the molec
are in a frozen state~low temperature!. The fast flipping
motion of the molecules at high temperature is expected
partially average this charge anisotropy, as claimed
nuclear magnetic resonance data32,38 and recent C 1s core-
level spectroscopy.28 In particular, Yoshinariet al.32 suggest
that this mechanism could modify the DOS nearEF . The
width of the occupied part of the LUMO states as provid
by LDA or tight-binding calculations is, however, too sma
~about 0.20–0.25 eV! as compared with the width of th
photoemission band~about 1.35 eV!, to explain all the fea-
tures observed experimentally. As pointed out before, o
mechanisms should be considered to describe properly
photoemission spectrum.

B. Simulations

To achieve more information on the electronic propert
of K3C60 and to understand the role played by electro
-
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phonon interaction and correlation effects, we have p
formed a crude simulation of the photoemission spectrum
93 K. Two theoretical tight-binding DOS of thet1u LUMO-
derived band,16 calculated in the case of uncorrelated diso
der ~DOS1! and uniaxial order~DOS2! are used, guessing
that reality is closer to the former case. The chosen DOS
representative of the majority of such a kind
calculations11–22 and are shown in the inset of Fig. 2.

Since charged C60 is expected to undergo JT distortion
the photoemission spectrum is simulated by adding pho
replica, due to the coupling with the JT-active Hg modes and
the Ag(2) phonon,30,39to the assumed DOS~convoluted with
the Fermi-Dirac distribution at 93 K and with a Gaussi
representing the experimental broadening!. The large bump
at 20.65 eV has been simulated by a Gaussian represen
a plasmon excitation as suggested by Knupferet al.,5 in
agreement with the strong plasmon feature observed at a
0.55 eV in the electron-energy loss spectra of K3C60.

7,27 For
each DOS, the phonon-replica intensities as well as the p
mon intensity have been changed until a satisfactory ‘‘fit’’
the photoemission spectrum is obtained. The results40 are
shown in Fig. 2 and the phonon intensities~relative to the
intensity of the used DOS! are reported in Table I togethe
with the assumed phonon energies.41

From the curves of Fig. 2 the following is clear.
~a! The inclusion of the phonon replica allows us to r

produce the photoemission line shape between20.25 eV and
EF ~or between20.35 eV andEF if we assume multiphonon
excitations40!, while the plasmon peak fits the spectrum
the region below20.55 eV.

~b! There is a quite large region between20.35 and20.55
eV that is not reproduced with such simulations.

FIG. 2. LUMO-derived photoemission spectrum at 93
~points! together with the best simulation curves~lines! obtained
with the two density of states, DOS1~uncorrelated disorder! and
DOS2 ~uniaxial order! ~Ref. 16! reported in the inset. For detail
see text and Table I. The used background is also shown by do
dashed line under the bottom curves. The effect of the inclusio
multiphonon excitations~Ref. 40! on the simulation is shown for
DOS2 by a dashed line.
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Being aware of the simplicity of these simulations, o
can, however, recognize that the main contribution to
large width of the LUMO photoemission spectrum com
from plasmon and phonon satellites. The discrepancy in
region between20.35 and20.55 eV is clearly a sign of the
crudeness of the simulations and it can be probably redu
by more accurate models. More accurate models accoun
a broadening of the spectral function due to the inclusion
the dynamics of holes and electrons coupled with phon
inside a partially filled band having a finite bandwidth,42 the
inclusion of correlation ~electron-electron! effects,6,22,23

and/or band reconstruction due to the JT distortions20 disre-
garded in the model adopted here. Alternatively, the em
sion from bulk states9 could enhance the intensity in th
binding energy region of the spectrum being the remain
part representative of the surface states or vice versa, as
suggested by Guet al.43 in the case of Rb3C60.

This latter hypothesis is difficult to support since it is n
clear why a bulk~surface! emission should exhibit tempera
ture dependent features~see Fig. 1!. Furthermore, as show
in Fig. 3~a!, the photoemission spectra of the LUMO-deriv
band taken at 45° and at normal emission are very sim
As a matter of fact, if the emission in the region betwe
20.55 and20.35 eV was related to bulk~surface! states, on
going from 45° to normal emission the spectral weig
should increase~decrease! by about a factor of two with
respect to the emission from the surface~bulk!. Since the
spectra of Fig. 3~a! are almost identical, the surface vers
bulk effects must be ruled out. In other words, in this sam
the surface and bulk electronic structures are comparabl

To verify the presence of correlation effects, it is help
the comparison with 1 ML-C60/Ag(100), a system where th
C60 molecules exhibit a charge state close to 3-.44 Figure 3~b!
compares the valence-band photoemission spectra of K3C60
and of 1 ML-C60/Ag(100) taken at RT under the same e
perimental conditions and normalized to the same inten
at EF . The HOMO ~highest occupied molecular orbital!,
HOMO-1, and LUMO-photoemission derived bands of t
monolayer system are narrower than those of K3C60. More-
over, HOMO-1 and HOMO are shifted by about 0.40 e
toward the Fermi level~i.e., the HOMO-LUMO gap is re-
duced by this amount! and the LUMO loses spectral weigh
around20.45 eV and gains intensity close toEF becoming

TABLE I. Energies~Ref. 41! and intensities of the phonon an
plasmon replica used in the simulations of Fig. 2. The intensities
relative to the intensity of the DOS used in the simulation.

Mode
Energy
~meV! DOS 1 DOS 2

Hg~1! 33 40.0% 21.0%
Hg~2! 54 25.0% 42.0%
Hg~3! 88 10.0% 17.0%
Hg~4! 96 1.5% 21.0%
Hg~5! 136 13.0%
Hg~6! 155 10.0% 7.0%
Hg~7! 177 24.0% 3.0%
Hg~8! 195 30.0% 26.0%
Ag~2! 180 32.5% 20.0%

Plasmon 550 50.0% 50.0%
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sharper. A similar behavior was already observed by Tje
et al.45 by comparing the valence-band photoemission sp
tra of a film of K3C60 and of 1 ML-C60/Ag(111) doped with
potassium. Apparently, a strong reduction of the HOM
LUMO gap and a shrinking of the LUMO- and HOMO
derived bands emission is achieved when the layers un
neath the surface are replaced by a metal substrate. As sh
by Hesper, Tjeng, and Sawatzky46 using an image-charge
model, this effect is due to proximity of the metal surfa
and the reduction of the HOMO-LUMO gap in the mon
layer system corresponds uniquely to the reduction of
Hubbard energyU. The comparison of Fig. 3~b! clearly in-
dicates that in 1 ML-C60/Ag(100) the energyU is reduced
by about 0.40 eV with respect to the K3C60 solid. If part of
the photoemission spectral weight of the LUMO-deriv
band of K3C60 is due to correlation effects, we expect that
1 ML-C60/Ag(100) the LUMO-derived emission is narrowe
than in K3C60 because of such a strong decrease of the ef
tive Coulomb interaction due to the metallic screening. Sin

re

FIG. 3. ~a! Comparison between the LUMO-derived photoem
sion spectra of the ordered K3C60 single-phase film taken at 45
~line! and normal~squares! emission. The temperature was 93 K
~b! Comparison between the valence-band photoemission spec
of the ordered K3C60 single-phase film and that o
1 ML-C60/Ag(100) at RT.
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this corresponds to the behavior shown in Fig. 3~b!, it is
possible that the spectral weight of the LUMO-derived ba
of K3C60 around20.45 eV is due to correlation effects. I
this frame, the spectral weight in the region between20.35
and20.55 eV should reflect the broad incoherent part of
spectral function~the lower Hubbard band!, while the used
tight-binding DOS~Ref. 16! should represent the cohere
part.

Although there is evidence for the screening ofU in the
monolayer system, there could be alternative explanat
for the shrinking of the LUMO emission with respect
K3C60 related to the electron-plasmon coupling. In a tw
dimensional~2D! system, the plasmon energy is expected
depend on the exchanged momentumq asq1/2 and therefore
it starts at zero atq50. This could explain the narrowe
spectrum in the monolayer system if the exchanged mom
tum between the photoelectron and the excited plasmo
q→0. However, it is questionable whether one monolaye
C60 can be considered a 2D system. In addition, a plasm
peak at 0.7 eV has been observed in the electron-energy
spectra atq→0 of a very similar monolayer system,47

namely, 1 ML-C60/Cs/Au(110). On the other hand, th
LUMO-photoemission spectrum of 1 ML-C60/Cs/Au(110) is
comparable to the LUMO emission of 1 ML-C60/Ag(100).
All these features rule out the above mechanism as a pos
source of the spectral narrowing, whilst suggesting tha
the photoemission spectra of monolayer systems the
pling with the plasmon could be reduced with respect to
bulk systems. A fit of the LUMO-photoemission spectrum
1 ML-C60/Ag(100) at 100 K~Ref. 44! requires a large pea
between 0.45–0.55 eV of binding energy, which proba
corresponds to the plasmon loss. The relative intensity of
peak with respect to the used DOS is about 25%, i.e.,
half of that found for K3C60. Therefore, also the reduce
coupling with the plasmon could account for the narrowi
of the LUMO emission in the monolayer systems. Howev
this phenomenon alone cannot explain the strong decrea
spectral weight in the middle of the LUMO spectrum and t
transfer of spectral weight close toEF @see Fig. 3~b!#. Thus,
one can speculate that a combined reduction of the elect
plasmon coupling and of the Hubbard energyU is respon-
sible for the observed narrowing of the LUMO
photoemission spectra in C60 monolayer metallic systems.

That electron correlation plays a role has been a
claimed on the basis of optical studies48,49 of K3C60 and
J
.

F.

F

d

e

ns

-
o

n-
is
f
n
ss

ble
n
u-
e
f

y
is
e

,
of

n-

o

Rb3C60 crystals, showing that the normal state properties
these compounds deviate considerably from the sim
Drude-like behavior expected for conventional metals.
particular interest is the presence in the midinfrared f
quency range of an absorption component at about 0.5
The presence of this excitation indicates a break down of
simple band picture and has been associated to an incoh
band related to strong electron-phonon and/or electr
electron interactions.48 Of relevance is also the observatio
of a low-frequency absorption peak in the optical conduct
ity at about 0.06 eV,49 which suggests again the importan
of electron-correlation effects in the normal state ofA3C60.
Also, the anomalous nonlinear (T2) temperature dependenc
of the resistivity of K3C60 and Rb3C60 in their normal states
~from 30 K up to about 500 K! ~Refs. 50 and 51! has been
associated to strong electron-electron interactions domi
ing the normal state conductivity of these compounds.51 The
T2 behavior of the resistivity can, however, be reproduc
assuming an electron-phonon scattering mechanism as
with a reasonable distribution of coupling constants to s
eral phonons at different energies. In addition, an experim
tal work52 has suggested that the resistivity at constant v
ume is linear inT, raising new questions for both electron
electron and electron-phonon scattering explanations of
resistivity behavior.

IV. CONCLUSIONS

By means of ultraviolet photoemission applied to a we
ordered single-phase film of K3C60 kept at 93 K and RT, it
has been shown that the occupied states near the Fermi
strongly change as a function of temperature. Moreover,
simulating the experimental data at low temperature, the c
tribution of electron-phonon and electron-plasmon inter
tion and correlation effects to the LUMO-derived photoem
sion spectrum of K3C60 has been discussed. Interestingly,
almost complete description of the photoemission spect
is achieved when the coupling oft1u electrons withHg and
Ag phonon modes and a plasmon loss are considered, ev
the very simple model adopted here. The possible contr
tion of correlation effects to the LUMO-photoemission spe
tra of K3C60 has been discussed by comparing these spe
with the photoemission spectra of a single-ordered laye
C60 on Ag~100! and on Cs/Au~110!.
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