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Electronic Tuning of Dynamical Charge Transfer at an Interface: K Doping of Cg9/Ag(111)
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High-resolution vibrational spectroscopy of fullerene thin films is achieved by sum-frequency
generation and infrared absorption. THAg(2) mode of G, gains strong infrared activity when the
molecule is adsorbed on Ag(111). K doping allows us to demonstrate the process of agsolisitate
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 #)€2) vibration to ther;, orbital of C.
[S0031-9007(97)02811-1]

PACS numbers: 68.35.Ja, 63.20.Kr, 73.90.+f, 82.65.—i

Vibrational energy transfer at an interface is a funda-of an electron-phonon coupling strength iR,¢12,13].
mental process which controls the dynamics of surface re-inally, the improved resolution of this spectroscopic in-
actions. Previous works, performed on small moleculevestigation allows us to refine the conclusions of previous
such as CO interacting with ordered surfaces, point tavorks [5,6] regarding the inference of the adsorbeg C
the importance of the interfacial electronic structure incharge state from its vibrational fingerprint, a key physi-
the process of vibrational energy dissipation [1]. Prob-cal quantity determining the layer electrical properties.
ing the influence of the admolecule electronic properties Following earlier works [11], we prepare the chemically
on the coupling of their vibrations to the substrate elecpolished Ag(111) single crystal in an ultrahigh vacuum
trons appears necessary for assessing the proposed theavironment by argon ion sputtering and subsequent
retical modeling. With that respect, we show that @  annealing at 570 K. The & epitaxial layer is obtained
an ideal probe molecule which enables the investigatioty saturating the Ag(111) surface withs@Csublimated
of the electron-phonon coupling mechanisms operating gtom a tantalum crucible while the substrate temperature
interfaces. The high symmetry ofresults indeed in a is maintained at 570 K to prevent multilayer growth.
simplified electronic and vibrational structure [2,3]. Re-Spectroscopic investigations and doping with potassium
cent investigations further reveal a simple picture of theevaporated from a commercial getter source (SAES) are
molecule chemisorption on metals where the lowest unogeerformed at 390 K. For SFG spectroscopy, we have
cupied molecular orbital (LUMO) of & becomes par- developed a picosecond optical parametric oscillator
tially filled upon hybridization with the electronic wave (OPO) built around an AgGaSrystal and synchronously
functions of the substrate [4—7]. However, probing thepumped by a YAG laser. The OPO generates 11 ps long
vibrational properties of fullerene thin films is hindered pulses, with linewidths of.8 cm™!, tunable fron2.5 um
by the low infrared activity of the molecule, and vibra- (4000 cm™!) to 10 xm (1000 cm™'). The infrared beam
tional spectroscopy of & monolayers has been achieved (7 mW at7 um) is mixed at the interface with a visible
only with low resolution §0 cm™!) using high-resolution beam (532 nm;-30 mW, ~11 ps) obtained by frequency
electron-energy-loss spectroscopy (HREELS) [5—8] ordoubling 20% of the pump YAG laser beam. These beam
for corrugated surfaces, by Raman spectroscopy [9,10tharacteristics allow us to achieve high-sensitivity SFG
Hereafter, we show that sum frequency generation (SFGpectroscopy and to enlarge the applicability of SFG to the
in the midinfrared enables sensitive and high resolutionnvestigation of monolayers of macromolecules such as
(1.8 cm™!) vibrational spectroscopy of thesgymetal in-  Cg, the surface density of which is 1 order of magnitude
terface and that, according to an earlier attempt [11], conlower than that of the highly packed monolayers usually
ventional infrared absorption can detect the admoleculstudied by this nonlinear technigue sensitive to the square
vibrations which have undergone a dramatic enhancemenf the admolecule surface density. The incidence angles of
of their infrared activity via electron-phonon coupling. K the two p-polarized beams are 8and 55, respectively.
doping of G, adsorbed on Ag(111) allows us to pinpoint The photons coherently generated at the sum frequency
the occurrence of dynamical charge transfer at the interare detected by a photomultiplier after spatial and spectral
face by showing, for the first time, the dependence of thdiltering. Infrared reflection-absorption spectroscopy is
latter process on the admolecule electronic structure. Theerformed at grazing incidence with unpolarized light
present work also provides a first experimental evaluatiomsing a Fourier transform spectrometerofn™' reso-
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lution) equipped with a liquid nitrogen cooled mercury tions they induce on the molecular orbital and vibrational
cadmium tellunide detector. structures can be neglected to first approximation [4,5].

Figures 1 and 2 show the evolution of theyCAg(111) In accordance with these electronic properties, the
interface vibrational spectra upon K doping as measuredibrational characteristics of this K-saturated phase
by infrared and SFG spectroscopies, respectively. Thelosely mimic those of g° such as in the KCg bulk
clean Ag(111) sample at 570 K, prior tosdCdeposition, compound. Since the SFG cross section of a mode is
is taken as a reference for the infrared data. The SF@roportional to the product of its infrared and Raman
spectra are untreated except for the normalization to thactivities, comparing curves in Figs. 1 and 2 shows
peak height of the highest frequency resonance labeletthat the o (1430 cm™!) and 8 (1349 cm™!') modes are
a. Although the transfer of the sample for K doping predominantly Raman and infrared active, respectively.
excludes any accurate comparison of the SFG intensitieBhey must be assigned to the Raméy(2) and infrared
between successive measurements, the observed intenslty,(4) modes located at430 cm™! [3] and 1342 cm™!
of the & resonance is found to keep the same magnitudg14,15] for Gy ¢~ in KsCs, respectively. The detection
Both spectroscopies show similar vibrational features: (1pf the 8 mode in Figs. 1 and 2 results from a charged
The undoped g monolayer (curvesa of Figs. 1 and phonon effect which induces a dramatic enhancement of
2) shows a single peaka) at 1445 cm™! detectable theT;,(4) infrared band when thegg molecule acquires a
by both spectroscopies. The correspondence of curveharge of six electrons, a process effective at the last stage
a in Fig. 1 with the infrared data obtained by Rudolf of the doping leading to bulk ¢C¢ [14,15]. TheB peak
[11] testifies to the good quality of the sample. (2) K position also confirms the six electron charge state since
doping induces a weakening of the infrared activity ancthe7 cm™! difference from thel';,,(4) mode frequency of
a softening of thisx mode (curvesa to b in Figs. 1 and  C4®~ in K¢Cyq is negligible in front of the total charge
2). (3) Both spectroscopies show an abrupt transition to anduced mode softening & cm~!. On the other hand,
K-saturated phase (curvesn Figs. 1 and 2). This phase the SFGa peak position ofl430 + 0.5 cm™! in curve
exhibits a new modeg) at 1349 cm™! detectable by both ¢ of Fig. 2 accurately obeys the correlation rule which
spectroscopies. Remarkably, themode has completely relates theA,(2) mode frequency(ya,:) to the Go"~
lost its infrared activity but remains detected by SFGcharge stat€n) in bulk materials [3],
which enables the observation of the mode stiffening

i _ -1 _ —1

upon transition to the K-saturated phase (curbe® c n = (1469 cm Ya,2)/6.5 cm 1)
in Fig. 2).

Electronic spectroscopies show the occurrence
charge transfer to & when adsorbed on Ag(111) [4] or

on other metals [5]. The partial occupancy of the oo
molecular orbital, the LUMO of the free molecule, further (curvesatobin Figs. 1 and 2) cannot be _related to known
bulk phases of 5. Thea mode frequencies do not corre-

increases upon K doping to saturate to six electrons per . )
molecule, corresponding to the complete filling of thiss'Ioond to any one of the fourCinfrared mode;,,(1-4),

sixfold-degenerated orbital. The potassium atoms, théhi,:fJ hngrggigqc;n”tgesi\%V;/izg:?oatrﬁe:r;%ieefvigr%j; g m.?ﬁé
coverage and adsorption site of which are not determine(ﬂ 9 ’

act essentially as electron donors and the other pertubﬁagebilégaﬂgog;etigtgzgﬂq rtr:](()elé?:allztr:uslirii’flgggaég:’rilglfs

OP give a charge state 6f = 0.1 electrons.
Contrary to the K-saturated state, the vibrational charac-
teristics of the undoped and moderately dopggl I@yers
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FIG. 1. K-doping evolved infrared spectra of,ZAg(111). FIG. 2. As Fig. 1 but for SFG spectroscopy. The lines are
(a) Undoped, Ip) K doped, and €) K-saturated layer. fits to the SFG response of Lorentzian oscillators.
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only the simple infrared fingerprint of g more complex This charge oscillation induces a mode softening from
with the appearance of additional bands of weaker intene to (2,

sity. Therefore a mode-specific electron-phonon coupling pales) (9ea\2

must account for ther infrared band [1,16]. Indeed, we 0% = wj — % < a;) , (5)

will demonstrate that this infrared feature stems from an in-
terfacial dynamical charge transfer (IDCT). This particu-and a dynamical dipole momeng (is the nondiagonal
lar electron-phonon coupling differs from the one leadingmatrix element of the dipole moment operator),
to the observation of thg peak, by the fact that, in IDCT, 9 i
the charge transfer is extramolecular. m = epq(eyr) a—ad M (6)
IDCT has previously been invoked to account for the .
fast relaxation of the CO vibration and for the infrared whered is the distance between the interface image plane
activity of O, [16] when these molecules are adsorbed orand the charge centroid of the molecular orbital. The high
metals. As illustrated in Fig. 3, IDCT requires a vibration symmetry of the G molecule gives stringent restrictions
which modulates the energy ) of a molecular orbital on the molecular vibrations that can be involved in a
which is partially filled and hybridized with the substrate IDCT. No vibration modes other than the twa,(1-2)
electronic wave functions. The vibration induces a chargsinglets and the eighfi,(1-8) quintuplets can be coupled
oscillation between the substrate and the admolecule. The thet,, orbital [17] which is the only molecular orbital
generated oscillating dipole is oriented perpendicular tgartially occupied before the saturation of the K doping
the surface and can couple to an electromagnetic wavés reached [4—6,9]. While th&,(1-8) modes couple to
Following a semiclassical description of this mechanisnmguadrupolar density fluctuations, the two fully symmetric
[1], we model the IDCT process by an oscillator driving A,(1-2) modes are allowed to modulate directly the
force opposite to the electronic energy derivative versusrbital energy [17] and are expected to give rise to
the vibration normal coordinatez. For a vibration IDCT. These selection rules are consistent with the
interacting with one molecular orbital of energy, the  mode frequency in the moderately doped layers which

motion equation reads corresponds to that of the “pentagonal pinefy(2) mode
) 5 de, (depicted in Fig. 3), thed,(1) mode laying at a much
MZ = ~Magz =~ on, (2)  lower frequency neaf00 cm™!.

Verifying the influence of the admolecule electronic

where M, wo, dea/9z, and_n are the reduced mass roperties on the infrared fingerprint is a necessary step
and bare frequency of the vibration, the eIectron—phonoé)ow‘,irdS the validation of the IDCT concept. K doping

coupling strength, and the orbital occupancy, respectivelyof Ceo/Ag(111)/ offers this opportunity. Since, (&)

Neglecting the variation of: around its average value, goes to 0 upon complete filling of the, orbital, Egs. (5)
(n), we find that the electron-phonon coupling inducesand (6) foresee the quenching of the softéning.and of
essentially a shift of the oscillator equilibrium position:

the infrared activity of the4,(2) mode at saturation of K
e, (n) (3) doping. These effects are clearly observed in Figs. 1 and
0z Mwd' 2. TheA,(2) mode loses its infrared activity in cunbeof
Fig. 1. SFG spectroscopy enables the observation of the
Because of the orbital hybridization with the continu- quenching of the mode softening which appears in Fig. 2
um of the substrate wave functions, the modulation ofas a stiffening of thet,(2) mode upon transition to the
€, induces indeed a slight oscillation of which is  K-saturated phase.
proportional to the density of states of the orbital at the The present work further allows a quantitative con-
Fermi level,p,(ey) : firmation of the IDCT model. The dipole moment of
e, the A,(2) mode in Go/Ag(111) is evaluated tou =~ 1
z. (4 q0! Debye taking the surface densityf, and the
Fresnel factor, equal ©.0115 A=2 [18], 2 X 1072 K g,
and F?/coq#) =~ 40, respectively. At the transition
to the K-saturated state, the quenching of the mode
softening is partially balanced by the frequency de-
crease which accompanies the last reduction step from
Ceo"~ to Cq®. Taking n between 5 and 6 and using
Egs. (5) and (6), the mode softening is evaluated to
lay between4 and10 cm™!. Such a softening can be
deduced from the combination of Egs. (5) and (6) if
d and p,, (e7) are adjusted in the expected range of
~1 A and ~1 state per eV, respectively. Knowing the
FIG. 3. The process of interfacial dynamical charge transfer.last two parameters, the coupling strengthoef,/dz of

Azg =

n={(n) — pser)de,, withde, =

0z

3001



VOLUME 78, NUMBER 15 PHYSICAL REVIEW LETTERS 14 ArIL 1997

the order of~0.6 eV/A is then deduced from Eq. (6). as the dependence of the coupling on the admolecule elec-
We note that a small value off has already been tronic structure. These observations validate the model
invoked to account for the important contribution of of IDCT. The intramolecular coupling strength of the
the image potential to the;, shell electron affinity A,(2) mode to ther;, electrons is evaluated. This cou-
[7]. The relatively low density of states in compari- pling can contribute either directly to the overall electron-
son to the value of several states per eV inferred fronphonon coupling responsible for superconductivity [12] or
electronic spectroscopies [5] suggests that only one out afdirectly via the molecular deformation induced by the
the three spin-degenerateq, orbitals may be involved charge in Gy®~ [13].
in the IDCT. The coupling strength inferred from the It is a pleasure to thank Ph. Lambin, J.-M. Gilles,
present work fits to theoretical estimates obtained byl. Darville, P. Rudolf, M. Tanguy, and P. Montel for
simple Keating or bond-charge model calculationsfruitful discussions and/or efficient technical support. We
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