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Probing the charge-transfer state of CO on P¢111) by two-dimensional infrared-visible sum
frequency generation spectroscopy

K. C. Chou®* S. Westerberd?® Y. R. Sher?® P. N. Ross and G. A. Somorjdi®'
lDepartment of Chemistry, University of California, Berkeley, California 94720, USA
2Department of Physics, University of California, Berkeley, California 94720, USA
SMaterials Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
(Received 25 November 2003; revised manuscript received 20 January 2004; published 30 April 2004

The lowest charge-transfer band of CO ofilP1) was identified using two-dimensional infrared-visible sum
frequency generation spectroscopy. The electronic resonance associated with the stretching mode of atop CO
appeared at 2.51 eV with a bandwidth of 0.83 eV. The result is consistent with earlier calculations using CO-Pt
cluster models indicating that the resonance is frairt&6sp orbital of Pt hybridized with orbital of CO. The
measured transition energy suggests that the antibonding state spRnf CO 5r for atop CO on Ril1)) is
~2.2 eV above Fermi level.
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Infrared-visible sum frequency generati¢BFG spec- been identified to be at 4.3 eV above the Fermi level by
troscopy has been proven to be a powerful tool for a broadhverse photoemissidrand two-photon photoemissithsee
range of interfacial studies on physical, chemical, and bioFig. 1). However, the lowest unoccupied electronic stadg 5
logical systems:? In most cases, it has been used as a onehas never been detected despite its importance for under-
dimensional vibrational spectroscopy by tuning the IR fre-standing surface charge-tranéfephoto induced processes
quency over vibrational transitions at the interfaces.and surface-enhanced Raman scatte(BERS.® SERS has
However, it is possible to have both IR and visible frequen-Peen widely used to inve;tigate the vibrationa}l properties of
cies tunable, allowing two-dimensioné2D) spectroscopic adsorbed molecules.' While the electromagnetic _enh_ancement
probing of vibrational and electronic transitions of a surface" roughened metallic surfaces may be the dominating factor
simultaneously.Aside from enhanced signals due to doublef©" SERS, the chemical enhancement mechanism has always
resonance, this scheme has the advantage of having a bet en suggested as an possible mechanism contributing to

11 ; iees ;
selectivity in identifying the electronic transitions at a sur- RS.”However, it has been difficult to study the chemical

face. In this paper. we applied the techniaue to locate Surfacenhancement mechanism because a direct measurement of
; Paper, PP d t?\e adsorbate-induced surface states has been absent. Here,

electronic states induced .by molecular adsorbates_ ata me%e present the first spectroscopic observation of electronic
surface. Such states are important for understanding Surfa‘ﬁf‘ansition to a charge-transfer band on a flat metal surface

’ ) ¢ ['J%ing 2D SFG. We found a surface electronic resonance at
reactions’ photoinduced reactioms,and surface-enhanced 2.51 eV for CO/RtL1Y) that vibronically coupled with the
spectroscop.In 2D SFG, the intensity enhancement of an sretching mode of the adsorbed CO. The observed energy
adsorbate vibrational mode, as the visible frequency aprevel is consistent with the theoretical calculations of Nakat-
proaches a surface electronic transition, indicates that theyji et al'? and Wuet al*®* SERS on flat metal surface has
excited electronic state must be effectively coupled to theéyeen difficult due to low intensity. Our ability to carry out the
adsorbates. In comparison to other techniques, such as phexperiment on a flat single-crystal surface allows us to ex-
toemission spectroscopy(PES ’ and second-harmonic

generatiorl, 2D SFG has a number of advantages. First, it is CO CO-Pt Pt

more species specific because of the vibrational resonance. It
avoids uncertainty in peak assignment, especially when more
than one kind of adsorbatésr different functional groups

on larger moleculgsare present at the interface. Second, it is
more surface specific because the observed electronic transi-
tion must be vibronically coupled with the adsorbate. It
avoids interference from the bulk signals. In addition, unlike
PES, 2D SFG can also be applied to surfaces under ambient
conditions and to any interfaces accessible by probing
beams.

To demonstrate that 2D SFG is an effective technique to
probe adsorbate-induced surface states, we chose CO on
P1(111) as a representative case because GOIRLtis one of FIG. 1. A schematic orbital diagram for the interaction between
the most studied model system in surface sciérieer free  co and Pt.(Black indicates occupied states and white indicates
CO, the lowest electronic excitation is in the UV region. vacant statesThe arrow describes the measured electronic transi-
Upon adsorption on Pt11), the unoccupied 2} state has tion.
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FIG. 2. (Color) (a) Measured SFG intensity for CO on(Pt1) as a function of IR and visible frequencies. A double-resonance peak is
seen as indicated by red coldb) The fitting curve of the measured two-dimensional SFG spectra usinglE@4), and(6).

clude the electromagnetic enhancement mechanism and prg-stretching mode at 2090 crh The IR wave number was
vides a direct experimental evidence for the chemical enscanned from 2040 to 2130 crhin 1 cm * steps for each
hancement to surface-enhanced spectroscopy. visible frequency. Then the visible frequency was changed
Our experiments were carried out with the sample undefrom 439 to 652 nm with a step of 3 nm. For each SFG
UHV conditions (1x 10 '° Torr). The P¢111) surface was spectral scan, the energies of the visible and IR beams were
prepared by cycles of argon ion sputtering at room temperakept at 20 and 7Q.J per pulse, respectively. All spectra were
ture and thermal annealing at 850 °C until a sharpX(d  taken using PPP polarization combinatit® polarized for
low-energy electron-diffraction pattern was observed. To obSFG, visible, and IR beamsEach data point is an average
tain a saturation coverage, CO was dosed &tl ® Torr  of 60 laser shots.
for 10 sec. Optical measurements were performed using a Figure 2a) describes the measured SFG output as a func-
Nd:YAG(yttrium aluminum garngtiaser at 1064 nm with 20 tion of IR and visible frequencies. A doubly resonant peak
ps pulse width and 20 Hz repetition rate. The laser was useshown by the red color is clearly seen with the IR resonance
to generate harmonics at 532 and 355 nm in KTP crystals taround 2090 cm' and the visible resonance between 2.2 eV
pump two optical parametric generators/amplifié@PG/  and 2.6 eV. The IR resonance around 2090 énis the
OPA). The tunable IR beam was produced by difference frestretching frequency for CO at atop sites. This doubly reso-
quency mixing of the 1064 nm beam with the output of anant feature assures that the observed electronic resonance

KTP OPG/OPA pumped by the 532 nm beam. The tunableyrises from the electronic states of the atop CQ/E)
visible beam was generated by a BBO-OPG/OPA pumped bghemisorption system.

the 355 nm beam. The spectral bandwidths of the visible and The SFG output intensityin SI unit9 at frequencyws
IR beams were about 7 ¢m. The visible and IR beams =w,+ w, in the reflected direction is given by
were overlapped both spatially and temporally on the sample

at incident angles of 60° and 50°, respectively. The IR beam w? )
was focused on the sample and had a spot size of 3.2 mm full I (ws)= 3002 XEP (0 (), (1)
width at half maximum. To improve the mode quality of the 8eoC COSBs

visible beam and avoid beam walk during wavelength tunitp

ing, a flat top visible beam was imaged onto the sample with

a diameter of 3mm. XF=[L(0g) el X [L(w) ellL(wy) 6], (2
The fluence of the visible beam was 0.2 mJ¥cper

pulse, which was an order of magnitude smaller than that ifvheregss, (o), L(w;), ande are the reflected SFG angle,

a typical photodesorption experiment. No photoinduced delput intensity, tensorial Fresnel factor, and the unit polariza-

sorption of CO was observed during our experiment. Theion vector of the field at frequency,, respectively. The

SFG intensity was detected by a photomultiplier tubesecond-order nonlinear susceptibiligf? is related to the

(Hamamatsu R3896after spectral filtering by a color filter Molecular hyperpolarizability*) by

and a double monochromator. The measured SFG intensity

was calibrated by the wavelength dependence of the sensi- (2)_ 2 AN BV R A A (2)

tivity of the photomultiplier and the throughput of the color Xij Nsa%c ((I-2)(J-b)k-c)age, ®

filter and monochromator. Since SFG from the bridged CO on

on P(111) suffers greatly from low sensitivity at room WhereNs is the surface density of molecules, arjk and

temperaturé? we focused our study on the atop CO that hasabc describe the lab and molecular coordinates, respectively.
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For CO with a cylindrical symmetry, onlg?.= (2> and  mode of CO adsorbed at the atop sites ofLP1).'® The
o' with ¢ axis along the bond axis are nonvanishing. Sur-electronic resonance at 2.51 eV falls in the range of tthéds
face isotropy about the surface normal along zhaxis al- 6sp transition of Pt under the perturbation of the chemi-
lows only &= x{2,, x@=x2=x@=x%,, andxZ,to  sorbed CO as predicted by Nakatsgjial* It is also in
be nonzero. For metal surfaces, the Fresnel coefficientgood agreement with the COgPtluster calculation of Wu
greatly reduce th&polarized field components and make et al. that shows four possible Raman transitions at 1.66,
the contributions of ally{?) negligible excepty(?,. Conse-  2.15, 2.41, and 2.58 eV with the intensity of the 2.58 eV
quently, SFG with PPP polarization should dominate. transition an order of magnitude larger than the oth&fhe

@) _ ) _ @) observed SFG spectra indicate that the electronic resonance

Xett,ppp=Lzd ws)Lo{w1)L, w2)SINBsSINB1SINBox5, is vibronically coupled to the CO stretching mode and there-
(4) fore belongs to the CO/Pt chemisorption system.
with The adsorption of CO on Pt is often described by the
Blyholder model as sketched in Fig.'3.The hybridized
_ 2n(w;)cosp states between CO and Pt are formed by ¢helectron do-
~ cosy;+n(w;)cosB;’ ®) nation from the & orbital of CO to the vacant$p conduc-
tion band of Pt and by the electron back donation fromdb
of Pt to the vacant 2* orbital of CO?>?1%The electron
back donation into the 2* state of CO is mainly respon-
sible for the weakening of the CO bond and hence the red-
shift of the CO stretch from 2170 cm for free CO to
090 cm *.2* Participation of the & orbital to the CO-Pt
ond has been confirmed by ultraviolet photoemission spec-
GI_roscopy that shows a significant shift of the photoemission
peak of the & orbital of CO upon adsorption on Bt1®
For CO on the Ri1l) surface, the &, state shown in

L, fw;)

whereg;, v;, andn(w;) are the incident angle, the refracted
angle, and the refraction index of Pt at frequengy'® re-
spectively. Experimentally, we obtainedsgp/lppp<5
x 1073, Our inability to measurd ssp/lppp prevents us
from determining the average orientation of CO oflP1),
but previous angle-resolved photoemission study shows th%
CO is oriented perpendicular to the surfa@e.

There are two types of processes that contribute to SF
one begins with an electronic transition followed by a vibra-

tional transition(Vis-IR), and the other begins with a vibra- Fig. 1 has been measured by photoemission spectroscopy to
tional transition followed by an electronic transitidR-Vis). be 9.6 eV below the Fermi enerd 2516 The unoccupied

Because of the significantly broader bandwidths of electroni¢, ~

and vibronic resonances, the contribution of the Vis-IR SFG~"a state has b_ee_ré identified to be 4.3 eV ?b‘iﬁﬁ by
is much smaller than that of the IR-Vis SEGTaking into  MVerse photoemissidrand two-photon photoemission.To

account only the IR-Vis processes, the doubly resondflt tr;etbesrt 0; ourclg\owlegglel,lthﬁ energy Ie\t/)el ofs;tjpetde;ivgd I
or x!2)in our case has the dispersion: state a7, 1o on P(111)) has never been detected, al-

though the o, state for CO on R110) has been suggested

1 1 at 2 eV aboveE by inverse photoemission spectroscépy.
x 2o i : Our detection of the CO-related surface resonance allows us
wr—wotilg| wrt w,js—wetil'g to determine the energy level of ther5 state for atop CO on

Pt(111). Studies by photoemission spectroscopy show that
3 1-S (s the density of states of thedsband exhibits a broad distri-
R+ 0yjs— wo— wet+ilL| bution with two peaks at 0.3 and 4.3 eV beldi¢ ,*® as
shown in Fig. 1. The electronic transition from 5d at 4.3 eV
wherew, and v, are the CO stretching frequency and elec-pelow Er to 50, was beyond our probing range. The ob-
tronic resonant frequency, respectivedys the vibronic cou-  served transition at 2.51 eV must arise from;2at 0.3 eV
pling constantHuang-Rhys factor andI'’s are the damping  pelow E to 50,. This then indicates thatd, is 2.2 eV
constants. Here, we have neglected multivibrational excitagpoveE, . As indicated by the arrow in Fig. 1, then to
tions. Equatior(6) consists of two peaks which are separatedi,e 5, transition excites electrons into an antibonding or-
from each other in energy by the vibrational energy of CO g and reduces the strength of CO-Pt bond. Theoretical
The first term in Eq(6) shows a resonant enhancement wheng,|cyjations showed that the excitation may result in a repul-
wirt w,is=w, and the second term has a resonance Whegjye potential between CO and Pt and lead to the desorption
WIRF Wyis™ WoT We. _ _ . of ground-state CO molecules from the Pt surfat¥Thed
Figure 2b) shows the two-dimensional fitting of the mea- o 5 transition of pure Pt is optically forbidden, but the
sured spectrum in Fig.(d) using Egs(1), (4), and(6) with  chemisorption of CO on Pt makes the transition allowed. Our
wg, 'y, we, I'e=T'¢, S and an additional nonresonant sus- measurements explain the observation that the threshold en-
ceptibility x(% as fitting parameters. The best fit was ob-ergy for neutral CO desorption from the(Btl) surface lies
tained with wo=2091.1-0.3 cm %, T';=9.0£0.3cm*,  above 2.3 eV?
we=2.51+0.01 eV, I',=I'_=0.83+0.01 eV, and S<1 It has been found that the sensitivity of SFG to CO at
% 10" ®. Due to the broad width of the electronic resonancebridge sites of Rl11) is much less than that to CO at atop
and a relatively small vibrational energy of CO, the vibronicsites, in contrast to IRAS! Our experimental results provide
sideband is not clearly resolved in our measurements. Than explanation. The atop CO/Pt has an electronic resonance
vibrational mode at 2091 cnt comes from the stretching at 2.51 eV. Thus SFG detection of atop CO with a visible
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input experiences a near-resonance enhancement. On takectronic resonance is at 2.51 eV with a bandwidth of 0.83
other hand, CO at bridge sites have a stretching mode th&V. The transition energy at 2.51 eV indicates that tlog 5
shows a larger redshift from that of free CO, indicating aantibonding state derived from mixing of Pt and CO 5r
weaker CO bond and a stronger interaction between CO arf@" atop CO on Ril11) is 2.2 eV aboveEg . The measure-

Pt. Theoretical calculation also suggests that the electronig?€nts provide an experimental evidence for the contribution
excited state of a bridged CO/Pt has a higher energy than thQf chemical enhancement mechanism to surface-enhanced
of an atop CO/P¥2 Thus, with a visible input, SFG detection SPECtrOSCopy.

of the bridged CO/Pt is off-resonance and less sensitive. To Thjs work was supported by the Director, Office of Sci-

enhance the SFG intensity of bridged CO, an UV inputence, Office of Basic Energy Sciences, Division of Materials
would be needed. Sciences and Engineering, of the U.S. Department of Energy
In summary, we have identified the lowest adsorbateunder Contract No. DE-AC03-76SF00098. S.W. is in part
induced electronic state of atop CO on(IRfl) using two-  financed by Laboratory of Materials and Semiconductor
dimensional IR-visible SFG spectroscopy. The observedPhysics, Royal Institute of Technology, Sweden.
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