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Correlation and electron-phonon effects in the valence-band photoemission spectra
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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 Kq, 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 gfdh Ag(100. [S0163-182608)10339-9

I. INTRODUCTION mated Hubbard energy (1.6—0.6 eV, depending on the
system and on the estimatidf~2 is larger than, or of the
Because of the superconductivity at relatively high tem-same magnitude of the calculated band witlth(0.4-0.5
perature in the stable;Cy, phase(A is alkali metal or binary  €V).*'~**Based on this fact, one should expégCs, com-
composition of alkali meta)s' the electronic structure near pounds be Mott insulators for any intege+ 1, . .. ,5. It has
the Fermi level of the alkali-metal fullerides has been widelytherefore been suggested that stoichiometgCq is a Mott
investigated by means of valence-band photoemissiofftsulator and that the observed Fermi edge in photoemission
spectroscopy 1% Since high-quality single crystals are not IS due to the emission from a nonstoichiometric sample or
' 3
available for photoemission measurements, most exper?“rfacez- S o
ments have been performed #qCs, samples obtained by To shed light in this situation, photoemission data of well-
adding the alkali metals to a thick-ordered or -disorderggl C ordered single-phas;Ce solids are required. This paper
film. Unfortunately, this preparation technique leads toreports on ultraviolet valence-band photoemission data from

sample inhomogeneities and multiphase formation, produc"21 well-ordered single-phase film oK, at 300 and 93 K. It

. oo o . - 1S supposed that the temperature dependence of the density
ing a nonequilibrium distribution of phases and disorder ot statesDOS) just below the Fermi edge can be ascribed to
the film. As a consequence, a reliable comparison of both th

: . . : : e slowing down of the flipping motion of the;gmolecules
experimental results and their interpretations with theoretic s the temperature is decreased. In addition, by simulating

predictions is difficult. At this Iight,_ a detailed and reIi_abIe the low-temperature experimental data using theoretical den-
knowledge of the electronic density of state A§Cqo, iS gty of states reported in the literatufe?2 the contribution
lacking. In particular, the effects of the rapid re-orientationgf " electron-phonon and electron-plasmon interactions, as
of the Gso molecules(i.e., the flipping motionon the density  well as of correlation effects to the LUMO-derived photo-
of states(DOS) near the Fermi level has never been ad-emission spectrum of §Cg have been discussed.

dressed to our knowledge experimentally and the contribu-

tion of electron gorrel_ations, electron-p_honon co_upling, and Il. EXPERIMENT
Jahn-TellerJT) distortion to the electronic properties as well
as to the photoemission spectra is still unclear. A 200-A-thick KsCg single-phase ordered film was

One of the most peculiar phenomena is the unusual begrown in ultra high vacuum on a clean A®0) surface fol-
havior of these materials as a function of the alkali-metalowing thevacuum distillation techniqu&+?’ Particular care
doping: onlyA;Cyq, is metallic while all other stable phases was devoted to ensure cleaning conditions and an homoge-
are insulating. This is in contradiction with band-structureneous distribution of the K atoms during the film growth,C
calculation$'*~?2 that predict all of them to be metallic molecules and K atoms were evaporated from outgassed Ta
(apartAzCgqo) due to the threefold degeneracy of the lowestcrucible and commercial SAES getter source, respectively.
unoccupied molecular orbita]LUMO)-derived conduction An under stoichiometric KCgo(x=1.5) film was grown
band. This experimental evidence points to the existence dflayer by layer” at the top of the well-ordereddg/Ag(100)
strong correlation effects in fullerides and, indeed, the estimonolayer(ML) by alternating about 4 ML of g with an

0163-1829/98/5@.6)/110236)/$15.00 PRB 58 11 023 © 1998 The American Physical Society



11024 GOLDONI, FRIEDMANN, SHEN, AND PARMIGIANI PRB 58

of the worse-energy resolution and higher temperature, all
__ 300K these structures are better resolved here. Very likely this is
93K ] due to the high quality of the sample used for the present
experiment.

Having established the importance of the sample quality,
Fig. 1 shows that on going from 93 K to RT the fine structure
observed in the spectral region betweef.4 eV up toEg,
is almost completely washed out. In particular, the first peak
at —0.06 eV is strongly quenched and the spectral intensity
at Eg decreases by about 7%. On the contrary, the emission
intensity increases in the region aroun@.45 eV. The com-
pletely reversible nature of these changes as a function of
temperature points to an intrinsic origin. Moreover, the

FIG. 1. LUMO-derived photoemission spectra at 93 K and RTspectral-weight transfer from the region closeBp to the
of an ordered KCq, single-phase film. region around—0.45 eV and the decrease of DOS Bt

suggest that this effect is not solely due to thermal broaden-
amount of K atoms necessary to reachxhkel.5 stoichiom- ing of the Fermi-Dirac distribution.
etry. During the growth, the substrate temperature was 400 op the other hand, similar temperature behaviors are re-
K. When a thick homogeneous; KCq, film was o'btained, ported for photoemission spectra of &%, (Ref. 5 and
the sample was kept at 600 K for 75 h. In this way, by = " (Ref. 7 films. In these works it is shown that the
evaporation of the exceeding{Inolecules, it is 3I7Iowed the | UMO-spectral changes occur continuously with tempera-
formation of an ordered 4Cg, single-phase filiff?’ as dem- ture in the range 10— 425 K and that®, and RCq, films

onstrated by core level x-ray photoemissiSripw-energy gy essentially the same temperature dependehdée
electron diffraction (LEED), and valence-band ultraviolet uthors of these workE have ruled out that the observed

photoemission. The sample showed a.two-domain exagonglhavior is due to the contemporary presence of &G,

LEED pattern at ﬁOO K. Th? two domains were rlelated tf)y hases and to variation in the relative amounts of each com-
90° rotation. Furt er annealing at 600 K did not lead to fur-,qitinn with temperature. Furthermore, if the sample is sto-
ther changes in the photoemission spectra and LEED patterfypiometric as in the present case, from analogy with bulk

demonstrating that the distillation process was carried out tQy,4ie29 no phase changes would occur across the tempera-

completion. ture range used here. Finally, calculatidirluding theAq

In the present experiment, photoelectrons were excited b%nng phonon modegthe only intramolecular vibrations of

the He-I radiation and collected at an emission angle of 45 he right energy that can couple with the LUMO electns
with respect to the surface normal by an angle-resolve(}i]

50 hemispherical | Th I | ave shown that phonon population changes with tempera-
Y-mm heémispheérical analyzer. The overall energy resolug e cannot account for the present temperature dependence
tion was about 50 meV, while the origin of the binding en-

| h . £ th of the photoemission spectra.
glrj%gtrs;tie was set at the Fermi edge of the Ag100 Instead the gross changes occurring on going from 93 K

to RT can be tentatively explained as a consequence of
electron-electron interactions together with a growing@p

Intensity (arb. units)

LUMO K3Cg0

-1.5 -1.0 -0.5 0.0 0.5
Binding Energy (eV)

lIl. RESULTS AND DISCUSSION a slowing down of the flipping motion of the g, molecules
Before discussing the experimental data, it is important t Osilg\:\(laintgmperature increaseiecreasgs as discussed in the

highlight the importance of the sample quality in this experi-
ment. Figure 1 shows the LUMO-derived valence-band pho-
toemission spectrum of the single-phase film at 93 K and
room temperaturg(300 K,RT). As reported in previous
studies’ 2% the width of the LUMO-derived spectral weight  In the stable KCg, solid, the fullerene balls form a fcc

is about 1.35 eV, which is significantly larger than that pre-lattice, while the potassium atoms are intercalated in the oc-
dicted by band-structure calculations in the local-density aptahedral and tetrahedral interstitial site§.An important is-
proximation (LDA).}1~22 This anomalous width has been in sue, in describing this structure is the intrinsic orientational
turn associated to the presence of phonon and plasmatisorder of the Gy molecules. Two orientatiori\ andB) for
satellites>’ correlation effect§;?>?3band reconstruction due the Gy, molecules related by a/2 rotation about a twofold

to JT distortion of the moleculéS,and inequivalence be- axes(merohedral disordgrseem to be present ing&q, At
tween surface and bulk contributions in the photoemissiomoom temperature these orientations are equally populated
spectrun®. Of course, all these mechanisms can generate pexnd randomly distributett >3 The molecules continuously
culiar spectral features. Indeed, the spectrum at 93 K is chajump betweerA andB orientations(the flipping motion. As
acterized by a first sharp peak at abet@.06 eV followed in the case of pure £ solid in its low-temperature, simple-

by a shoulder at-0.1 eV, two clear peaks at0.26 and cubic phasé’ the flipping motion is slowed down as the
—0.32 eV, and a large feature at—0.65 eV. Although the temperature decreases and the populations of the two orien-
general shape of this spectrum is similar to the best valencdations are expected to vary as a function of temperature.
band photoemission spectra reported in the literature for To understand the role that this intrinsic molecular orien-
K 3Cso films at 10 and 40 K’ it is worth noting that, in spite  tational disorder could play in determining the DOS near

A. Effects of orientational disorder
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Eg, the effects of the molecular orientations on the elec-
tronic structure of KCgy have been studied by means of
tight-binding models1%17-2122For 3 system where all the
molecules of the unit cell have the same static orientafon
or B, uniaxial ordey, the DOS of the LUMO-derived bands
presents substantial structures: deep minima, sharp peaks,
and shoulder$!—22 As shown by several work€;?!??these
features are almost completely washed out when a randomly
distributed merohedral disorder of the molecules is taken
into account(maximal or uncorrelated disordeln particu-
lar, the DOS in the uniaxial ordered case has a sharp peak a
few tens of meV belowEg, which gradually disappears as
the degree of disorder evolves toward the maximal disorder.
A similar behavior is observed in our photoemission spectra
on going from 93 to 300 K. The sharp peak-a0.06 eV,
present in the low-temperature spectrum, is strongly de-
pressed at room temperature. Furthermore, all the calcula-
tions provide for the ordered case a density of sthl€sg) T T e
at the Fermi level higher than in the disordered one. This is 1.0 05 0.0
again in agreement with our experimental observation. Binding Energy (eV)
Therefore, the photoemission spectra of Fig. 1 seems to sug-
gest an increased orientational order on going from RT to FIG. 2. LUMO-derived photoemission spectrum at 93 K
low temperature. (pointg together with the best simulation curvéies) obtained

On the other hand, the uniaxial ordered structure is almoswith the two density of states, DOSuncorrelated disordgrand
certainly not the most favorable one. Calculatinthen  DOS2 (uniaxial ordey (Ref. 16 reported in the inset. For details
confirmed by experimental dafahave predicted that the see textand Table I. The used background is also shown by dotted-
lowest-energy structure dt=0 is the one where neighbor- dashed line under the bottom curves. The effect of the inclusion of
ing molecules have opposite orientations as far as pc,Ssibrgultiphonon excitatiqniRef. 40 on the simulation is shown for
(i.e., molecules oriented are surrounded by molecules ori- POS2 by a dashed line.
entedB). This orientational correlation at low temperature islphonon interaction and correlation effects, we have per-
however, restricted to neighboring molecules and there is Ngymed a crude simulation of the photoemission spectrum at
long-range ordet® the expected DOS has a quite smearedy3 Kk Two theoretical tight-binding DOS of ttg, LUMO-
out shape as in the case of uncorrelated disorder. Given thg,iyed band?® calculated in the case of uncorrelated disor-
above arguments, it is very .unlikely that the observedye, (DOSD and uniaxial orde(DOS? are used, guessing
changes are related to an ordering of thgiBolecules asthe ¢ reality is closer to the former case. The chosen DOS are
temperature decreases. _representative of the majority of such a kind of

A possible explanation for the observed changes in thegculationd=22and are shown in the inset of Fig. 2.
spectral region close t&g as a function of temperature is Since charged & is expected to undergo JT distortions,
instead related to the flipping motion of thgs@nolecules. It e photoemission spectrum is simulated by adding phonon
is known that the cubic crystal field splits the@arbon  repjica, due to the coupling with the JT-activg hodes and
atoms in three nonequivalent species, namely, C1, C2, anglg Ay(2) phonor®3%to the assumed DO@onvoluted with
C3 with ratio 1:2:2. Calculationt$® suggest that the distri- e Fermi-Dirac distribution at 93 K and with a Gaussian
bution of the charge donated by K atoms tg & strongly  representing the experimental broadepirEhe large bump
anisotropic over the three carbon species when the moleculgs _ g g5 eV has been simulated by a Gaussian representing
are'in a frozen statélow temperatur}e The qut flipping 4 plasmon excitation as suggested by Knupgeal.® in
motion of the molecules at high temperature is expected t@greement with the strong plasmon feature observed at about
partially average this charge anisotropy, as claimed byy g ev in the electron-energy loss spectra g€k, "% For
nuclear magnetic resonance datd and recent 3% 4 core-  each DOS, the phonon-replica intensities as well as the plas-
level s_pectroscop_@f? In particular, Yoshinaret al.™ suggest  mon intensity have been changed until a satisfactory “fit” of
that this mechanism could modify the DOS né&r. The  the photoemission spectrum is obtained. The reliise
width of the occupied part of the LUMO states as providedsnhown in Fig. 2 and the phonon intensitigslative to the

by LDA or tight-binding calculations is, however, too small jntensity of the used DOSare reported in Table | together
(about 0.20-0.25 eVas compared with the width of the \yith the assumed phonon energfés.

photoemission ban@about 1.35 eV, to explain all the fea- From the curves of Fig. 2 the following is clear.
tures observed experimentally. As pointed out before, other () The inclusion of the phonon replica allows us to re-
mechanisms should be considered to describe properly thgoduce the photoemission line shape betweér25 eV and
photoemission spectrum. Er (or between—0.35 eV ancE if we assume multiphonon
excitation4?), while the plasmon peak fits the spectrum in
the region below-0.55 eV.

To achieve more information on the electronic properties (b) There is a quite large region betwee.35 and-0.55
of K3Cgp and to understand the role played by electron-eV that is not reproduced with such simulations.

--- DOS1
— D032

—02 0 0.2
Energy (eV)

Intensity (arb. units)
o
@]
w2
D

B. Simulations
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TABLE I. Energies(Ref. 4]) and intensities of the phonon and
plasmon replica used in the simulations of Fig. 2. The intensities are o
relative to the intensity of the DOS used in the simulation. a
=
Energy =
Mode (meV) DOS 1 DOS 2 =
Hg(1) 33 40.0% 21.0% jc_g/
Hg(2) 54 25.0% 42.0% o
Hg(3) 88 10.0% 17.0% =
Hg(4) 96 1.5% 21.0% g
Hg(5) 136 13.0% e
Hg(6) 155 10.0% 7.0% s
Hg(7) 177 24.0% 3.0% =
Hg(8) 195 30.0% 26.0% 10 -05 0.0
Ag(2) 180 32.5% 20.0% Binding Energy (eV)
Plasmon 550 50.0% 50.0%

Being aware of the simplicity of these simulations, one -04ev ~DAeV b

can, however, recognize that the main contribution to the
large width of the LUMO photoemission spectrum comes
from plasmon and phonon satellites. The discrepancy in the
region between-0.35 and—0.55 eV is clearly a sign of the
crudeness of the simulations and it can be probably reduced
by more accurate models. More accurate models account for
a broadening of the spectral function due to the inclusion of
the dynamics of holes and electrons coupled with phonons
inside a partially filled band having a finite bandwidftthe
inclusion of correlation (electron-electron effects®?22
and/or band reconstruction due to the JT distorfiddsre-
garded in the model adopted here. Alternatively, the emis-
sion from bulk stateéscould enhance the intensity in this
binding energy region of the spectrum being the remaining 43 3 4 9
part representative of the surface states or vice versa, as also o

suggested by Get al*® in the case of RiCq,. Binding Energy (V)

This latter hypothesis is djffig:ult to support ;ipce itisnot g5 3 (a) Comparison between the LUMO-derived photoemis-
clear why a bulk(surface emission should exhibit tempera- g, spectra of the ordered;&, single-phase film taken at 45°

ture dependent featur¢see Fig. 1. Furthermore, as shown (jine) and normal(squares emission. The temperature was 93 K.

in Fig. 3(@), the photoemission spectra of the LUMO-derived () comparison between the valence-band photoemission spectrum
band taken at 45° and at normal emission are very similalof the ordered KCys single-phase fim and that of

As a matter of fact, if the emission in the region betweeni ML-C4,/Ag(100) at RT.
—0.55 and—0.35 eV was related to bullsurface states, on
going from 45° to normal emission the spectral weightsharper. A similar behavior was already observed by Tjeng
should increasddecreaseby about a factor of two with et al*® by comparing the valence-band photoemission spec-
respect to the emission from the surfadrilk). Since the tra of a film of K;Cgo and of 1 ML-Gp/Ag(111) doped with
spectra of Fig. @) are almost identical, the surface versuspotassium. Apparently, a strong reduction of the HOMO-
bulk effects must be ruled out. In other words, in this sampld. UMO gap and a shrinking of the LUMO- and HOMO-
the surface and bulk electronic structures are comparable. derived bands emission is achieved when the layers under-
To verify the presence of correlation effects, it is helpful neath the surface are replaced by a metal substrate. As shown
the comparison with 1 ML-g/Ag(100), a system where the by Hesper, Tjeng, and SawatZRyusing an image-charge
Ceo molecules exhibit a charge state close t8*Figure 3b) model, this effect is due to proximity of the metal surface
compares the valence-band photoemission spectraGf,K and the reduction of the HOMO-LUMO gap in the mono-
and of 1 ML-G;y/Ag(100) taken at RT under the same ex- layer system corresponds uniquely to the reduction of the
perimental conditions and normalized to the same intensitydubbard energyJ. The comparison of Fig.(B) clearly in-
at Er. The HOMO (highest occupied molecular orbital dicates that in 1 ML-g,/Ag(100) the energy is reduced
HOMO-1, and LUMO-photoemission derived bands of theby about 0.40 eV with respect to the,By, solid. If part of
monolayer system are narrower than those €4 More-  the photoemission spectral weight of the LUMO-derived
over, HOMO-1 and HOMO are shifted by about 0.40 eV band of K,Cy, is due to correlation effects, we expect that in
toward the Fermi leveli.e., the HOMO-LUMO gap is re- 1 ML-Cg,/Ag(100) the LUMO-derived emission is narrower
duced by this amouptind the LUMO loses spectral weight than in K;Cgo because of such a strong decrease of the effec-
around—0.45 eV and gains intensity close g becoming tive Coulomb interaction due to the metallic screening. Since

Intensity (arb. units)
%

— 1ML Cgo/Ag(100)
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this corresponds to the behavior shown in Figo)3it is  Rb,Cq4, crystals, showing that the normal state properties of
possible that the spectral weight of the LUMO-derived bandhese compounds deviate considerably from the simple
of K3Cqp around—0.45 eV is due to correlation effects. In pryde-like behavior expected for conventional metals. Of
this frame, the spectral weight in the region betwee€l35  particular interest is the presence in the midinfrared fre-
and—0.55 eV_shouId reflect the broad mcohe_rent part of thequency range of an absorption component at about 0.5 eV.
spectral function(the lower Hubbard bandwhile the used The presence of this excitation indicates a break down of the
tight-binding DOS(Ref. 16 should represent the coherent simple band picture and has been associated to an incoherent
part. _ _ _ band related to strong electron-phonon and/or electron-
Although there is evidence for the screeninglbin the  glectron interaction Of relevance is also the observation
monolayer system, there could be alternative explanationgs a jow-frequency absorption peak in the optical conductiv-
for the shrinking of the LUMO emission with respect to ity at about 0.06 e\*° which suggests again the importance
K4Co related to the electron-plasmon coupling. In a two-of electron-correlation effects in the normal statefafCe.
dimensional2D) system, the plasmon eneray 1s expected t0a(so, the anomalous nonlineaf?) temperature dependence
depend on the exchanged momentgms g~ and therefore  f the resistivity of KCy, and RRCeg in their normal states
it starts at zero atj=0. This could explain the narrower (from 30 K up to about 500 K(Refs. 50 and 5lhas been
spectrum in the monolayer system if the exchanged momerysgociated to strong electron-electron interactions dominat-
tum between the photoelectron and the excited plasmon igq the normal state conductivity of these compoutdEhe
q— 0. However, it is questionable whether one monolayer off2 pehavior of the resistivity can, however, be reproduced
Ceo Can be considered a 2D system. In addition, a plasmoBssyming an electron-phonon scattering mechanism as well,
peak at 0.7 eV has been observed in the electron-energy 0gth a reasonable distribution of coupling constants to sev-
spectra atq—0 of a very similar monolayer systet, erq| phonons at different energies. In addition, an experimen-
namely, 1ML-Go/Cs/Au(110). On the other hand, the ta| work®? has suggested that the resistivity at constant vol-
LUMO-photoemission spectrum of 1 MLg/Cs/Au(110) is  yme is linear inT, raising new questions for both electron-
comparable to the LUMO emission of 1 MLg§/Ag(100).  electron and electron-phonon scattering explanations of the
All these features rule out the above mechanism as a possibjgsistivity behavior.
source of the spectral narrowing, whilst suggesting that in
the photoemission spectra of monolayer systems the cou-
pling with the plasmon could be reduced with respect to the IV. CONCLUSIONS
bulk systems. A fit of the LUMO-photoemission spectrum of
1 ML-C4,/Ag(100) at 100 K(Ref. 49 requires a large peak By means of ultraviolet photoemission applied to a well-
between 0.45-0.55 eV of binding energy, which probablyordered single-phase film of g, kept at 93 K and RT, it
corresponds to the plasmon loss. The relative intensity of thifas been shown that the occupied states near the Fermi edge
peak with respect to the used DOS is about 25%, i.e., onstrongly change as a function of temperature. Moreover, by
half of that found for KCg, Therefore, also the reduced simulating the experimental data at low temperature, the con-
coupling with the plasmon could account for the narrowingtribution of electron-phonon and electron-plasmon interac-
of the LUMO emission in the monolayer systems. However tion and correlation effects to the LUMO-derived photoemis-
this phenomenon alone cannot explain the strong decrease sibn spectrum of KCqq has been discussed. Interestingly, an
spectral weight in the middle of the LUMO spectrum and thealmost complete description of the photoemission spectrum
transfer of spectral weight close E [see Fig. 8)]. Thus, is achieved when the coupling of, electrons withH4 and
one can speculate that a combined reduction of the electroy phonon modes and a plasmon loss are considered, even in
plasmon coupling and of the Hubbard enetdyis respon- the very simple model adopted here. The possible contribu-
sible for the observed narrowing of the LUMO- tion of correlation effects to the LUMO-photoemission spec-
photoemission spectra inggmonolayer metallic systems.  tra of K;Cgg has been discussed by comparing these spectra
That electron correlation plays a role has been alsavith the photoemission spectra of a single-ordered layer of
claimed on the basis of optical studi&®® of K;Cso and  Cgo 0n Ag(100) and on Cs/A(L10).
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