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Probing the charge-transfer state of CO on Pt„111… by two-dimensional infrared-visible sum
frequency generation spectroscopy
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The lowest charge-transfer band of CO on Pt~111! 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 from 5d to 6sp orbital of Pt hybridized with orbital of CO. The
measured transition energy suggests that the antibonding state of Pt 6sp and CO 5s for atop CO on Pt~111! is
;2.2 eV above Fermi level.
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Infrared-visible sum frequency generation~SFG! spec-
troscopy has been proven to be a powerful tool for a br
range of interfacial studies on physical, chemical, and b
logical systems.1,2 In most cases, it has been used as a o
dimensional vibrational spectroscopy by tuning the IR f
quency over vibrational transitions at the interfac
However, it is possible to have both IR and visible freque
cies tunable, allowing two-dimensional~2D! spectroscopic
probing of vibrational and electronic transitions of a surfa
simultaneously.3 Aside from enhanced signals due to doub
resonance, this scheme has the advantage of having a b
selectivity in identifying the electronic transitions at a su
face. In this paper, we applied the technique to locate sur
electronic states induced by molecular adsorbates at a m
surface. Such states are important for understanding sur
processes such as electron and energy transfer, cata
reactions,4 photoinduced reactions,5 and surface-enhance
spectroscopy.6 In 2D SFG, the intensity enhancement of
adsorbate vibrational mode, as the visible frequency
proaches a surface electronic transition, indicates that
excited electronic state must be effectively coupled to
adsorbates. In comparison to other techniques, such as
toemission spectroscopy~PES! 7 and second-harmoni
generation,1 2D SFG has a number of advantages. First, i
more species specific because of the vibrational resonanc
avoids uncertainty in peak assignment, especially when m
than one kind of adsorbates~or different functional groups
on larger molecules! are present at the interface. Second, i
more surface specific because the observed electronic tr
tion must be vibronically coupled with the adsorbate.
avoids interference from the bulk signals. In addition, unl
PES, 2D SFG can also be applied to surfaces under amb
conditions and to any interfaces accessible by prob
beams.

To demonstrate that 2D SFG is an effective technique
probe adsorbate-induced surface states, we chose CO
Pt~111! as a representative case because CO/Pt~111! is one of
the most studied model system in surface science.8 For free
CO, the lowest electronic excitation is in the UV regio
Upon adsorption on Pt~111!, the unoccupied 2pa* state has
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d
-

e-
-
.
-

e

tter

ce
tal
ce
tic

p-
he
e
ho-

s
. It
re

si-
t

nt
g

o
on

been identified to be at 4.3 eV above the Fermi level
inverse photoemission9 and two-photon photoemission10 ~see
Fig. 1!. However, the lowest unoccupied electronic state 5sa
has never been detected despite its importance for un
standing surface charge-transfer4, photo induced processes5

and surface-enhanced Raman scattering~SERS!.6 SERS has
been widely used to investigate the vibrational properties
adsorbed molecules. While the electromagnetic enhancem
on roughened metallic surfaces may be the dominating fa
for SERS, the chemical enhancement mechanism has alw
been suggested as an possible mechanism contributin
SERS.11 However, it has been difficult to study the chemic
enhancement mechanism because a direct measureme
the adsorbate-induced surface states has been absent.
we present the first spectroscopic observation of electro
transition to a charge-transfer band on a flat metal surf
using 2D SFG. We found a surface electronic resonanc
2.51 eV for CO/Pt~111! that vibronically coupled with the
stretching mode of the adsorbed CO. The observed en
level is consistent with the theoretical calculations of Nak
suji et al.12 and Wuet al.13 SERS on flat metal surface ha
been difficult due to low intensity. Our ability to carry out th
experiment on a flat single-crystal surface allows us to

FIG. 1. A schematic orbital diagram for the interaction betwe
CO and Pt.~Black indicates occupied states and white indica
vacant states.! The arrow describes the measured electronic tra
tion.
©2004 The American Physical Society13-1
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FIG. 2. ~Color! ~a! Measured SFG intensity for CO on Pt~111! as a function of IR and visible frequencies. A double-resonance pea
seen as indicated by red color.~b! The fitting curve of the measured two-dimensional SFG spectra using Eq.~1!, ~4!, and~6!.
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clude the electromagnetic enhancement mechanism and
vides a direct experimental evidence for the chemical
hancement to surface-enhanced spectroscopy.

Our experiments were carried out with the sample un
UHV conditions (1310210 Torr). The Pt~111! surface was
prepared by cycles of argon ion sputtering at room temp
ture and thermal annealing at 850 °C until a sharp (131)
low-energy electron-diffraction pattern was observed. To
tain a saturation coverage, CO was dosed at 131026 Torr
for 10 sec. Optical measurements were performed usin
Nd:YAG~yttrium aluminum garnet! laser at 1064 nm with 20
ps pulse width and 20 Hz repetition rate. The laser was u
to generate harmonics at 532 and 355 nm in KTP crystal
pump two optical parametric generators/amplifiers~OPG/
OPA!. The tunable IR beam was produced by difference f
quency mixing of the 1064 nm beam with the output of
KTP OPG/OPA pumped by the 532 nm beam. The tuna
visible beam was generated by a BBO-OPG/OPA pumped
the 355 nm beam. The spectral bandwidths of the visible
IR beams were about 7 cm21. The visible and IR beams
were overlapped both spatially and temporally on the sam
at incident angles of 60° and 50°, respectively. The IR be
was focused on the sample and had a spot size of 3.2 mm
width at half maximum. To improve the mode quality of th
visible beam and avoid beam walk during wavelength t
ing, a flat top visible beam was imaged onto the sample w
a diameter of 3 mm.

The fluence of the visible beam was 0.2 mJ/cm2 per
pulse, which was an order of magnitude smaller than tha
a typical photodesorption experiment. No photoinduced
sorption of CO was observed during our experiment. T
SFG intensity was detected by a photomultiplier tu
~Hamamatsu R3896! after spectral filtering by a color filte
and a double monochromator. The measured SFG inten
was calibrated by the wavelength dependence of the se
tivity of the photomultiplier and the throughput of the col
filter and monochromator. Since SFG from the bridged C
on Pt~111! suffers greatly from low sensitivity at room
temperature,14 we focused our study on the atop CO that h
15341
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a stretching mode at 2090 cm21. The IR wave number was
scanned from 2040 to 2130 cm21 in 1 cm21 steps for each
visible frequency. Then the visible frequency was chang
from 439 to 652 nm with a step of 3 nm. For each SF
spectral scan, the energies of the visible and IR beams w
kept at 20 and 70mJ per pulse, respectively. All spectra we
taken using PPP polarization combination~P polarized for
SFG, visible, and IR beams!. Each data point is an averag
of 60 laser shots.

Figure 2~a! describes the measured SFG output as a fu
tion of IR and visible frequencies. A doubly resonant pe
shown by the red color is clearly seen with the IR resona
around 2090 cm21 and the visible resonance between 2.2
and 2.6 eV. The IR resonance around 2090 cm21 is the
stretching frequency for CO at atop sites. This doubly re
nant feature assures that the observed electronic reson
arises from the electronic states of the atop CO/Pt~111!
chemisorption system.

The SFG output intensity~in SI units! at frequencyvs
5v11v2 in the reflected direction is given by1

I ~vs!5
vs

2

8«0c3cos2bs

uxe f f
(2)u2I ~v1!I ~v2!, ~1!

with

xe f f
(2)5@L ~vs!•es#:x

(2):@L ~v1!•e1#@L ~v2!•e2#, ~2!

wherebs , I (v i), L (v i), andei are the reflected SFG angle
input intensity, tensorial Fresnel factor, and the unit polari
tion vector of the field at frequencyv i , respectively. The
second-order nonlinear susceptibilityx (2) is related to the
molecular hyperpolarizabilitya (2) by

x i jk
(2)5Ns (

a,b,c
^~ î •â!~ ĵ •b̂!~ k̂• ĉ!&aabc

(2) , ~3!

whereNs is the surface density of molecules, andî ĵ k̂ and
âb̂ĉ describe the lab and molecular coordinates, respectiv
3-2



ur

en
e

d

th

FG
ra
-

n
FG

c

ita
te
O
e
he

a-

s
b

c
ic
T

i-

66,
V

ance
re-

he

-
ed-

ec-
ion

y to

l-
d
.
s us

hat
-

V
b-

r-
ical
ul-
tion

e
ur
en-

at
p
e
nce
le

BRIEF REPORTS PHYSICAL REVIEW B69, 153413 ~2004!
For CO with a cylindrical symmetry, onlyaaac
(2) 5abbc

(2) and
accc

(2) with c axis along the bond axis are nonvanishing. S
face isotropy about the surface normal along thez axis al-
lows only xxxz

(2)5xyyz
(2) , xxzx

(2)5xyzy
(2) 5xzxx

(2)5xzyy
(2) , andxzzz

(2) to
be nonzero. For metal surfaces, the Fresnel coeffici
greatly reduce theS-polarized field components and mak
the contributions of allx i jk

(2) negligible exceptxzzz
(2) . Conse-

quently, SFG with PPP polarization should dominate.

xe f f,PPP
(2) .Lzz~vs!Lzz~v1!Lzz~v2!sinbssinb1sinb2xzzz

(2) ,
~4!

with

Lzz~v i !5
2n~v i !cosb i

cosg i1n~v i !cosb i
, ~5!

whereb i , g i , andn(v i) are the incident angle, the refracte
angle, and the refraction index of Pt at frequencyv i ,15 re-
spectively. Experimentally, we obtainedI SSP/I PPP,5
31023. Our inability to measureI SSP/I PPP prevents us
from determining the average orientation of CO on Pt~111!,
but previous angle-resolved photoemission study shows
CO is oriented perpendicular to the surface.16

There are two types of processes that contribute to S
one begins with an electronic transition followed by a vib
tional transition~Vis-IR!, and the other begins with a vibra
tional transition followed by an electronic transition~IR-Vis!.
Because of the significantly broader bandwidths of electro
and vibronic resonances, the contribution of the Vis-IR S
is much smaller than that of the IR-Vis SFG.17 Taking into
account only the IR-Vis processes, the doubly resonanta (2)

or xzzz
(2) in our case has the dispersion:

xzzz
(2)}

1

v IR2v01 iG0
H 1

v IR1vv is2ve1 iGe

2
12S

v IR1vv is2v02ve1 iGe
8J , ~6!

wherev0 andve are the CO stretching frequency and ele
tronic resonant frequency, respectively.S is the vibronic cou-
pling constant~Huang-Rhys factor!, andG ’s are the damping
constants. Here, we have neglected multivibrational exc
tions. Equation~6! consists of two peaks which are separa
from each other in energy by the vibrational energy of C
The first term in Eq.~6! shows a resonant enhancement wh
v IR1vv is.ve and the second term has a resonance w
v IR1vv is.v01ve .

Figure 2~b! shows the two-dimensional fitting of the me
sured spectrum in Fig. 2~a! using Eqs.~1!, ~4!, and~6! with
v0 , G0 , ve , Ge5Ge8 , S, and an additional nonresonant su
ceptibility xNR

(2) as fitting parameters. The best fit was o
tained with v052091.160.3 cm21, G059.060.3 cm21,
ve52.5160.01 eV, Ge5Ge850.8360.01 eV, and S,1
31026. Due to the broad width of the electronic resonan
and a relatively small vibrational energy of CO, the vibron
sideband is not clearly resolved in our measurements.
vibrational mode at 2091 cm21 comes from the stretching
15341
-

ts

at

:
-

ic

-

-
d
.
n
n

-
-

e

he

mode of CO adsorbed at the atop sites of Pt~111!.18 The
electronic resonance at 2.51 eV falls in the range of the 5d to
6sp transition of Pt under the perturbation of the chem
sorbed CO as predicted by Nakatsujiet al.12 It is also in
good agreement with the CO-Pt8 cluster calculation of Wu
et al. that shows four possible Raman transitions at 1.
2.15, 2.41, and 2.58 eV with the intensity of the 2.58 e
transition an order of magnitude larger than the others.13 The
observed SFG spectra indicate that the electronic reson
is vibronically coupled to the CO stretching mode and the
fore belongs to the CO/Pt chemisorption system.

The adsorption of CO on Pt is often described by t
Blyholder model as sketched in Fig. 1.19 The hybridized
states between CO and Pt are formed by thes electron do-
nation from the 5s orbital of CO to the vacant 6sp conduc-
tion band of Pt and by thep electron back donation from 5d
of Pt to the vacant 2p* orbital of CO.20,21,23 The electron
back donation into the 2p* state of CO is mainly respon
sible for the weakening of the CO bond and hence the r
shift of the CO stretch from 2170 cm21 for free CO to
2090 cm21.24 Participation of the 5s orbital to the CO-Pt
bond has been confirmed by ultraviolet photoemission sp
troscopy that shows a significant shift of the photoemiss
peak of the 5s orbital of CO upon adsorption on Pt.25,16

For CO on the Pt~111! surface, the 5sb state shown in
Fig. 1 has been measured by photoemission spectroscop
be 9.6 eV below the Fermi energyEF .25,16 The unoccupied
2pa* state has been identified to be 4.3 eV aboveEF by
inverse photoemission9 and two-photon photoemission.10 To
the best of our knowledge, the energy level of thesp-derived
state 5sa for CO on Pt~111! has never been detected, a
though the 5sa state for CO on Pt~110! has been suggeste
at 2 eV aboveEF by inverse photoemission spectroscopy26

Our detection of the CO-related surface resonance allow
to determine the energy level of the 5sa state for atop CO on
Pt~111!. Studies by photoemission spectroscopy show t
the density of states of the 5d band exhibits a broad distri
bution with two peaks at 0.3 and 4.3 eV belowEF ,25 as
shown in Fig. 1. The electronic transition from 5d at 4.3 e
below EF to 5sa was beyond our probing range. The o
served transition at 2.51 eV must arise from 2pb* at 0.3 eV
below EF to 5sa . This then indicates that 5sa is 2.2 eV
aboveEF . As indicated by the arrow in Fig. 1, the 2pb* to
the 5sa transition excites electrons into an antibonding o
bital, and reduces the strength of CO-Pt bond. Theoret
calculations showed that the excitation may result in a rep
sive potential between CO and Pt and lead to the desorp
of ground-state CO molecules from the Pt surface.23,12Thed
to s transition of pure Pt is optically forbidden, but th
chemisorption of CO on Pt makes the transition allowed. O
measurements explain the observation that the threshold
ergy for neutral CO desorption from the Pt~111! surface lies
above 2.3 eV.22

It has been found that the sensitivity of SFG to CO
bridge sites of Pt~111! is much less than that to CO at ato
sites, in contrast to IRAS.14 Our experimental results provid
an explanation. The atop CO/Pt has an electronic resona
at 2.51 eV. Thus SFG detection of atop CO with a visib
3-3
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input experiences a near-resonance enhancement. On
other hand, CO at bridge sites have a stretching mode
shows a larger redshift from that of free CO, indicating
weaker CO bond and a stronger interaction between CO
Pt. Theoretical calculation also suggests that the electr
excited state of a bridged CO/Pt has a higher energy than
of an atop CO/Pt.12 Thus, with a visible input, SFG detectio
of the bridged CO/Pt is off-resonance and less sensitive
enhance the SFG intensity of bridged CO, an UV inp
would be needed.

In summary, we have identified the lowest adsorba
induced electronic state of atop CO on Pt~111! using two-
dimensional IR-visible SFG spectroscopy. The obser
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