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Electronic Tuning of Dynamical Charge Transfer at an Interface: K Doping of C60yAgs111d
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High-resolution vibrational spectroscopy of fullerene thin films is achieved by sum-frequency
generation and infrared absorption. TheAgs2d mode of C60 gains strong infrared activity when the
molecule is adsorbed on Ag(111). K doping allows us to demonstrate the process of adsorbateysubstrate
dynamical charge transfer, by showing, for the first time, the quenching of the mode softening and
infrared activity upon tuning of the admolecule electronic properties. These observations enable
the quantitative evaluation of the coupling strength of theAgs2d vibration to thet1u orbital of C60.
[S0031-9007(97)02811-1]

PACS numbers: 68.35.Ja, 63.20.Kr, 73.90.+f, 82.65.–i
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Vibrational energy transfer at an interface is a fund
mental process which controls the dynamics of surface
actions. Previous works, performed on small molecul
such as CO interacting with ordered surfaces, point
the importance of the interfacial electronic structure
the process of vibrational energy dissipation [1]. Pro
ing the influence of the admolecule electronic properti
on the coupling of their vibrations to the substrate ele
trons appears necessary for assessing the proposed t
retical modeling. With that respect, we show that C60 is
an ideal probe molecule which enables the investigati
of the electron-phonon coupling mechanisms operating
interfaces. The high symmetry of C60 results indeed in a
simplified electronic and vibrational structure [2,3]. Re
cent investigations further reveal a simple picture of th
molecule chemisorption on metals where the lowest uno
cupied molecular orbital (LUMO) of C60 becomes par-
tially filled upon hybridization with the electronic wave
functions of the substrate [4–7]. However, probing th
vibrational properties of fullerene thin films is hindere
by the low infrared activity of the molecule, and vibra
tional spectroscopy of C60 monolayers has been achieve
only with low resolution (50 cm21) using high-resolution
electron-energy-loss spectroscopy (HREELS) [5–8] o
for corrugated surfaces, by Raman spectroscopy [9,1
Hereafter, we show that sum frequency generation (SF
in the midinfrared enables sensitive and high resoluti
(1.8 cm21) vibrational spectroscopy of the C60ymetal in-
terface and that, according to an earlier attempt [11], co
ventional infrared absorption can detect the admolecu
vibrations which have undergone a dramatic enhancem
of their infrared activity via electron-phonon coupling. K
doping of C60 adsorbed on Ag(111) allows us to pinpoin
the occurrence of dynamical charge transfer at the int
face by showing, for the first time, the dependence of t
latter process on the admolecule electronic structure. T
present work also provides a first experimental evaluati
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of an electron-phonon coupling strength in C60 [12,13].
Finally, the improved resolution of this spectroscopic in
vestigation allows us to refine the conclusions of previo
works [5,6] regarding the inference of the adsorbed C60
charge state from its vibrational fingerprint, a key phys
cal quantity determining the layer electrical properties.

Following earlier works [11], we prepare the chemical
polished Ag(111) single crystal in an ultrahigh vacuu
environment by argon ion sputtering and subsequ
annealing at 570 K. The C60 epitaxial layer is obtained
by saturating the Ag(111) surface with C60 sublimated
from a tantalum crucible while the substrate temperatu
is maintained at 570 K to prevent multilayer growth
Spectroscopic investigations and doping with potassiu
evaporated from a commercial getter source (SAES)
performed at 390 K. For SFG spectroscopy, we ha
developed a picosecond optical parametric oscilla
(OPO) built around an AgGaS2 crystal and synchronously
pumped by a YAG laser. The OPO generates 11 ps lo
pulses, with linewidths of1.8 cm21, tunable from2.5 mm
s4000 cm21d to 10 mm s1000 cm21d. The infrared beam
(7 mW at 7 mm) is mixed at the interface with a visible
beam (532 nm,,30 mW, ,11 ps) obtained by frequency
doubling 20% of the pump YAG laser beam. These bea
characteristics allow us to achieve high-sensitivity SF
spectroscopy and to enlarge the applicability of SFG to t
investigation of monolayers of macromolecules such
C60, the surface density of which is 1 order of magnitud
lower than that of the highly packed monolayers usua
studied by this nonlinear technique sensitive to the squ
of the admolecule surface density. The incidence angle
the twop-polarized beams are 65± and 55±, respectively.
The photons coherently generated at the sum freque
are detected by a photomultiplier after spatial and spec
filtering. Infrared reflection-absorption spectroscopy
performed at grazing incidence with unpolarized lig
using a Fourier transform spectrometer (4 cm21 reso-
© 1997 The American Physical Society 2999
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lution) equipped with a liquid nitrogen cooled mercu
cadmium tellunide detector.

Figures 1 and 2 show the evolution of the C60yAgs111d
interface vibrational spectra upon K doping as measu
by infrared and SFG spectroscopies, respectively. T
clean Ag(111) sample at 570 K, prior to C60 deposition,
is taken as a reference for the infrared data. The S
spectra are untreated except for the normalization to
peak height of the highest frequency resonance labe
a. Although the transfer of the sample for K dopin
excludes any accurate comparison of the SFG intens
between successive measurements, the observed inte
of the a resonance is found to keep the same magnitu
Both spectroscopies show similar vibrational features:
The undoped C60 monolayer (curvesa of Figs. 1 and
2) shows a single peaksad at 1445 cm21 detectable
by both spectroscopies. The correspondence of cu
a in Fig. 1 with the infrared data obtained by Rudo
[11] testifies to the good quality of the sample. (2)
doping induces a weakening of the infrared activity a
a softening of thisa mode (curvesa to b in Figs. 1 and
2). (3) Both spectroscopies show an abrupt transition t
K-saturated phase (curvesc in Figs. 1 and 2). This phase
exhibits a new mode (b) at 1349 cm21 detectable by both
spectroscopies. Remarkably, thea mode has completely
lost its infrared activity but remains detected by SF
which enables the observation of the mode stiffeni
upon transition to the K-saturated phase (curvesb to c
in Fig. 2).

Electronic spectroscopies show the occurrence
charge transfer to C60 when adsorbed on Ag(111) [4] o
on other metals [5]. The partial occupancy of thet1u

molecular orbital, the LUMO of the free molecule, furthe
increases upon K doping to saturate to six electrons
molecule, corresponding to the complete filling of th
sixfold-degenerated orbital. The potassium atoms,
coverage and adsorption site of which are not determin
act essentially as electron donors and the other pertu

FIG. 1. K-doping evolved infrared spectra of C60yAgs111d.
(a) Undoped, (b) K doped, and (c) K-saturated layer.
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tions they induce on the molecular orbital and vibration
structures can be neglected to first approximation [4,5].

In accordance with these electronic properties, t
vibrational characteristics of this K-saturated pha
closely mimic those of C60

62 such as in the K6C60 bulk
compound. Since the SFG cross section of a mode
proportional to the product of its infrared and Rama
activities, comparing curvesc in Figs. 1 and 2 shows
that thea s1430 cm21d and b s1349 cm21d modes are
predominantly Raman and infrared active, respective
They must be assigned to the RamanAgs2d and infrared
T1us4d modes located at1430 cm21 [3] and 1342 cm21

[14,15] for C60
62 in K6C60, respectively. The detection

of the b mode in Figs. 1 and 2 results from a charge
phonon effect which induces a dramatic enhancement
theT1us4d infrared band when the C60 molecule acquires a
charge of six electrons, a process effective at the last st
of the doping leading to bulk K6C60 [14,15]. Theb peak
position also confirms the six electron charge state sin
the7 cm21 difference from theT1us4d mode frequency of
C60

62 in K6C60 is negligible in front of the total charge
induced mode softening of86 cm21. On the other hand,
the SFGa peak position of1430 6 0.5 cm21 in curve
c of Fig. 2 accurately obeys the correlation rule whic
relates theAgs2d mode frequencysgAgs2dd to the C60

n2

charge statesnd in bulk materials [3],

n  s1469 cm21 2 gAgs2ddy6.5 cm21 (1)

to give a charge state of6 6 0.1 electrons.
Contrary to the K-saturated state, the vibrational chara

teristics of the undoped and moderately doped C60 layers
(curvesa to b in Figs. 1 and 2) cannot be related to know
bulk phases of C60. Thea mode frequencies do not corre
spond to any one of the four C60 infrared modesT1us1-4d,
the infrared activities of which are indeed 2 orders of ma
nitude too small to give rise to the observed feature. T
a peak cannot result from the molecule deformation, sin
the breaking of the high molecular symmetry can ma

FIG. 2. As Fig. 1 but for SFG spectroscopy. The lines a
fits to the SFG response of Lorentzian oscillators.
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only the simple infrared fingerprint of C60 more complex
with the appearance of additional bands of weaker inte
sity. Therefore a mode-specific electron-phonon coupli
must account for thea infrared band [1,16]. Indeed, we
will demonstrate that this infrared feature stems from an
terfacial dynamical charge transfer (IDCT). This particu
lar electron-phonon coupling differs from the one leadin
to the observation of theb peak, by the fact that, in IDCT,
the charge transfer is extramolecular.

IDCT has previously been invoked to account for th
fast relaxation of the CO vibration and for the infrare
activity of O2 [16] when these molecules are adsorbed
metals. As illustrated in Fig. 3, IDCT requires a vibratio
which modulates the energy (´a) of a molecular orbital
which is partially filled and hybridized with the substrat
electronic wave functions. The vibration induces a char
oscillation between the substrate and the admolecule. T
generated oscillating dipole is oriented perpendicular
the surface and can couple to an electromagnetic wa
Following a semiclassical description of this mechanis
[1], we model the IDCT process by an oscillator drivin
force opposite to the electronic energy derivative vers
the vibration normal coordinate,z. For a vibration
interacting with one molecular orbital of energýa, the
motion equation reads

Mz̈  2Mv2
0z 2

≠´a

≠z
n , (2)

where M, v0, ≠´ay≠z, and n are the reduced mass
and bare frequency of the vibration, the electron-phon
coupling strength, and the orbital occupancy, respective
Neglecting the variation ofn around its average value
knl, we find that the electron-phonon coupling induce
essentially a shift of the oscillator equilibrium position:

Dz0  2
≠´a

≠z
knl

Mv
2
0

. (3)

Because of the orbital hybridization with the continu
um of the substrate wave functions, the modulation
´a induces indeed a slight oscillation ofn which is
proportional to the density of states of the orbital at th
Fermi level,ra

°
´f

¢
:

n  knl 2 ras´fd d´a, with d´a 
≠´a

≠z
z . (4)

FIG. 3. The process of interfacial dynamical charge transfe
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This charge oscillation induces a mode softening fro
v0 to V,

V2  v2
0 2

ras´fd
M%

µ
≠´a

≠z

∂2

, (5)

and a dynamical dipole moment (m is the nondiagonal
matrix element of the dipole moment operator),

m  eras´fd
≠´a

≠z
d

s
h̄

2MV
, (6)

whered is the distance between the interface image pla
and the charge centroid of the molecular orbital. The hi
symmetry of the C60 molecule gives stringent restrictions
on the molecular vibrations that can be involved in
IDCT. No vibration modes other than the twoAgs1-2d
singlets and the eightHgs1-8d quintuplets can be coupled
to the t1u orbital [17] which is the only molecular orbital
partially occupied before the saturation of the K dopin
is reached [4–6,9]. While theHgs1-8d modes couple to
quadrupolar density fluctuations, the two fully symmetr
Ags1-2d modes are allowed to modulate directly thet1u

orbital energy [17] and are expected to give rise
IDCT. These selection rules are consistent with thea

mode frequency in the moderately doped layers whi
corresponds to that of the “pentagonal pinch”Ags2d mode
(depicted in Fig. 3), theAgs1d mode laying at a much
lower frequency near500 cm21.

Verifying the influence of the admolecule electroni
properties on the infrared fingerprint is a necessary s
towards the validation of the IDCT concept. K dopin
of C60yAgs111dy offers this opportunity. Sincert1u

s´f d
goes to 0 upon complete filling of thet1u orbital, Eqs. (5)
and (6) foresee the quenching of the softening and
the infrared activity of theAgs2d mode at saturation of K
doping. These effects are clearly observed in Figs. 1 a
2. TheAgs2d mode loses its infrared activity in curveb of
Fig. 1. SFG spectroscopy enables the observation of
quenching of the mode softening which appears in Fig
as a stiffening of theAgs2d mode upon transition to the
K-saturated phase.

The present work further allows a quantitative con
firmation of the IDCT model. The dipole moment o
the Ags2d mode in C60yAgs111d is evaluated tom ø 1
1021 Debye taking the surface density,M, and the
Fresnel factor, equal to0.0115 Å22 [18], 2 3 10226 K g,
and F2y cossud ø 40, respectively. At the transition
to the K-saturated state, the quenching of the mo
softening is partially balanced by the frequency d
crease which accompanies the last reduction step fr
C60

n2 to C60
62. Taking n between 5 and 6 and using

Eqs. (5) and (6), the mode softening is evaluated
lay between4 and10 cm21. Such a softening can be
deduced from the combination of Eqs. (5) and (6)
d and rt1u

s´fd are adjusted in the expected range o
,1 Å and ,1 state per eV, respectively. Knowing the
last two parameters, the coupling strength of≠´ay≠z of
3001
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the order of,0.6 eVyÅ is then deduced from Eq. (6).
We note that a small value ofd has already been
invoked to account for the important contribution o
the image potential to thet1u shell electron affinity
[7]. The relatively low density of states in compari
son to the value of several states per eV inferred fro
electronic spectroscopies [5] suggests that only one ou
the three spin-degeneratedt1u orbitals may be involved
in the IDCT. The coupling strength inferred from th
present work fits to theoretical estimates obtained
simple Keating or bond-charge model calculation
[12,19]. Equation (4) suggests an alternative way
infer this value. Assuming that the electron-phono
coupling accounts for the pentagonal side contraction
2 3 1022 Å in C60

32 measured, for example, for the
Na2CsC60 superconductor compound [13], we also obta
from Eq. (4) a value of,0.7 eVyÅ for ≠´ay≠z.

Regarding the inference of the C60 charge state, the
present work underlines several surface-specific effe
which hamper the extrapolation, from the bulk to th
adsorbed phase, of the correlation rules, such as Eq.
which relate the C60 vibration frequencies to the molecule
charge state. First, theAgs2d mode softening induces an
overestimation of the C60 charge state when using Eq. (1)
This explains the inconsistencies that were observed wh
using these correlation rules for the twoAgs1-2d modes
of C60, measured by Raman spectroscopy, when t
molecule was adsorbed on corrugated Au, Cu, and
[9]. Second, the frequencies of theT1u vibrations in
heavily charged C60

n2,n.4 can be affected, either by the
metal screening and the dipole coupling because of
mode strong infrared activities, or by the hybridization o
the t1u orbital which perturbs the intermolecular electron
phonon coupling of theT1u modes. These effects can
account for the slight frequency mismatch (7 cm21)
between theT1us4d vibration of C60

62 in the bulk and in
the K-saturated adsorbed phases. However, the per
correspondence of theAgs2d mode frequency of the
K-saturated phase with the prediction of Eq. (1) allow
us to refine earlier conclusions [5,6] by showing tha
in the absence of the effects mentioned above, the h
frequency modes are accurate monitors of the molec
charge state.

In summary, the high-resolution vibrational study o
C60 monolayers adsorbed on Ag(111) by SFG and i
frared absorption spectroscopies allows us to pinpoint t
coupling of the C60 Ags2d vibration to the substrate elec-
trons via IDCT. In particular, this approach provides th
first observations of the induced mode softening, as w
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as the dependence of the coupling on the admolecule el
tronic structure. These observations validate the mod
of IDCT. The intramolecular coupling strength of the
Ags2d mode to thet1u electrons is evaluated. This cou-
pling can contribute either directly to the overall electron
phonon coupling responsible for superconductivity [12] o
indirectly via the molecular deformation induced by the
charge in C60

32 [13].
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