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Surface vibrational spectroscopy by infrared-visible sum frequency generation
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We report the 6rst observation of a vibrational spectrum of a monolayer of molecular adsor-
bates by infrared-visible sum frequency generation. The results pave the way for future dynamic
studies of surface phonons and molecular vibrations.

In the development of modern surface science, surface
vibrational spectroscopy has played an essential role. It is
important, for example, for in situ identification of adsor-
bates on surfaces and for understanding of interactions be-
tween adsorbates and between adsorbates and surfaces.
This has led to the invention of a number of surface spec-
troscopic techniques; namely, electron-energy-loss spec-
troscopy, ' electron tunneling spectroscopy, ' surface in-
frared spectroscopy, ' surface photoacoustic spectroscopy,
photodesorption spectroscopy, 4 and surface picosecond
Raman gain spectroscopy. However, none of these tech-
niques are suitable for studies of fast surface molecular dy-
namics. Recently, optical second-harmonic generation has
been proven to be a viable surface tool. Aside from the
many advantages inherent to an optical probe, this tech-
nique is also capable of following surface modification with
a subpicosecond time resolution. Naturally, one would
like to extend the technique to infrared-visible sum fre-
quency generation (SFG), since with the help of a tunable
infrared laser, surface vibrational spectra as well as sur-
face dynamics of selected adsorbates could then be studied
via resonance-enhanced SFG. In this paper, we report the
first step in that direction: the first successful attempt of
recording a vibrational spectrum of a monolayer of mole-
cules on a substrate by SFG.

The basic idea of using SFG for vibrational spectrosco-
py is to convert the ir resonant signal to the visible so that
it can be more easily detected. As a second-order process,
SFG is forbidden in a bulk with centrosymmetry in the
electric-dipole approximation, and therefore is highly sur-
face specific. For the same reason, the ir resonances that
can be probed by SFG must be both ir and Raman active.
This is generally the case for surface modes because of the
broken symmetry at the surface. Like second-harmonic
generation (SHG), surface SFG has a signal strength pro-
portional to the square of an efl'ective surface nonlinear po-
larization

Ps (to -tot+ co2) Xs .E(tot)E(to2).(2) (2)

Close to a resonance, the efIective surface nonlinear sus-
ceptibility Xg can be written as

Xs' X NR+X$ X& g+s/(tot toe+ tTs), (2)

(2) (2)where L~ and XNR are the resonant and nonresonant

parts of XP, respectively, toe is the resonant frequency, As
the strength, and I s the damping constant of the bth
mode. We assume here that the resonances originate from
the surface adlayers. It can then be shown from the micro-

~(2)
scopic expression of Xg that

where X/1 and X/1 are surface linear and Raman resonant
susceptibilities, respectively, involving the same resonance.
With typical values of IX/'

I
-10 esu and IX@ I

-2&&10 2eesu, 'ewe have IX$~1I —1.5X10 ' esu. We
therefore expect that the vibrationally resonant SFG
should be observable since a surface susceptibility of

I
Xt 1I —10 ' esu is readily measurable in SHG.

For demonstration, we used SFG to probe the vibration-
al modes of a monolayer of coumarin 504 molecules (Exci-
ton Chemical Co. , Inc. ) spin-coated on a substrate of fused
quartz. " The monolayer surface density of coumarin 504
was about 2X10' /cm . To see that the technique could
be applied to surface vibrational spectroscopy in the mid-ir
range, we chose to study modes between 920 and 1100
cm . This was achieved by overlapping an s-polarized
frequency-doubled Nd: YAG (YAG denotes yttrium
aluminum garnet) laser pulse at 0.532 pm and a discretely
tunable, p-polarized CO2TEA (transversely excited at-
mospheric pressure) laser pulse operated at —,

' Hz on the
sample. The susceptibility component measured was X/~1,r
with i being the surface normal. The experimental setup
is shown in Fig. 1. The reflected sum-frequency output
from the surface was highly directional, and therefore,
both spatial and spectral filtering could be used to help ex-
tract the signal. In order to minimize fluctuations due to
shot-to-shot variations of laser intensities, mode structures,
and pulse overlapping, the signal was properly normalized
against the simultaneously monitored SF reflection from a
GaAs(100) reference slab located in a side arm in the set-
up. The laser pulses impinging on the sample over a 7-
mm spot were 5 mJ/7 ns at 0.532 pm and —2 mJ/140 ns
at the CO2 laser wavelength. A photon counting detection
system was used to record the signal. Typically, the signal
strength was —500 photons/pulse. The sample was con-
stantly flushed with nitrogen during the experiment to slow
down sample deterioration by oxidation.

In order to have an idea of what we would observe in
SFG, we first measured ir, visible, and Raman spectra of
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FIG. 1. Schematic diagram of experimental setup.
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coumarin 504. Figure 2 depicts portions of the visible ab-
sorption spectrum of coumarin 504 in ethanol and the ir
and Raman spectra of solid coumarin 504. From the spec-
tra, it is seen that we should expect to observe in SFG a
number of resonant vibrational structures in the range be-
tween 920 and 1100 cm ', where the tunability of our
CO2 laser could cover. The visible laser frequency (0.532
pm) we used sits on the shoulder of the visible absorption
band of coumarin 504, so that some resonance enhance-
ment in SFG should also be expected.

The results of our SFG experiment are shown in Fig. 3.
The data points between 987 and 1025 cm ' are missing
because our CO2 laser stopped lasing in that range. SFG
is a coherent spectroscopic technique, and hence, the spec-
trum generally appears to be very different from the usual
ir or Raman spectrum. To correlate the spectrum in Fig. 3
with the ir and Raman spectra in Fig. 2, we must keep in
mind the followin possible effects. (1) Interference be-
tween Xg and Xg and between different terms in ZP can
distort the spectral line shape. (2) The frequencies of vari-
ous vibrational modes are different for molecules adsorbed
on a surface and for molecules in a solid. (3) The
strengths of individual peaks may depend on the molecular
orientation. Two resonant structures are clearly visible in
the spectrum of Fig. 3. They can be identified with the in-
frared and Raman peaks around 950 and 1050 cm '. The
infrared and Raman peaks around 920 and 1090 cm
cannot be resolved; they seem to have shifted just outside
the spectral range we measured, so that only their shoul-
ders appear in the spectrum of Fig. 3. The other infrared
and Raman peaks at —986, 1016, and 1028 cm ' also
seem to have shifted out of the range we could reach.

With Aq, ros, and Xg taken as adjustable parameters,
and I s assumed to have the same values as the ir and Ra-
man halfwidths in Fig. 2, Eq. (2) can be used to fit the ex-
perimental data. This is shown in Fig. 3. Knowing the
collection efficiency of our detection system, we have ob-
tained the absolute intensity of the SFG signal. The values
of the parameters deduced from the Gtting are listed in
Table I. While those obtained from the partially observed
resonances in Fig. 3 are not very accurate, those obtained
for the two well-defined resonances are reasonably certain.
The resonant frequencies are clearly shifted from those of
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coumarin 504 in the solid phase as one might expect.
Table I also shows that both (LP)m, „and Xg have values
of the order of 10 ' esu. This agrees with our rough esti-
mate given earlier.

For a better estimate of (Xi%, )) «of coumarin 504 for
the —1050 cm ' mode, we calibrated the ir and Raman
peaks of that mode in Fig. 2 with the corresponding
992-cm mode of liquid pyridine. The ratios of

I (&Ji! )coumarin&(&III )pyridine I ~ I &4 )coumarin/(+4 )pyridine I

FIG. 2. (a) Visible absorption spectrum of coumarin 504 in

ethanol, (b) infrared absorption spectrum, and (c) Raman spec-
trum of solid coumarin 504.
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FIG. 3. Sum frequency vibrational spectrum of a monolayer
of coumarin 504 on fused silica.

were found to be 1.0X 10'4 and 7.9X 10'4 esu, respectively,
where a~ s refer to molecular polarizabilities. For pyri-
dine it is known that (ag))m~-7. 6&10 24 esu and
(ag~),„-3.1X10 esu. ' From Eq. (3), we then ob-
tain for the 1050-cm ' mode of coumarin 504,
(Xjj~))m,„1.4X10 ' esu. This compares well with the
experimental value of (Xg))m,„1.8X10 '4 esu in Table
I.

The large value of Zg can be understood knowing that
coumarin 504 has many very strong ir and Raman modes
in the range between 600 and 900 cm ' and between 1100
and 1800 cm '. Their collective contribution would yield
a large nonresonant background value for XP). In the
present case, the sum frequency is in the So S~ absorp-
tion band of coumarin. Therefore, XP and Xg should
also be resonantly enhanced via the visible transition. To
confirm this, we also conducted the diff'erence-frequency
(co -roi —coz) generation experiment with the same setup.
While the spectral feature resembled that of SFG, the out-
put signal was —10 times weaker.

One possible application of SFG spectroscopy to the
studies of molecular adsorbates is to obtain information on
the orientation of the adsorbates. This is particularly

effective when the sum frequency is also at resonance with
an electronic transition. As in the case of SHG, '3 the ra-
tios of the various tensor components of X,measured by
using proper polarization combinations in SFG, are func-
tions of the average orientation of the adsorbates. If, in
addition, the resonant vibrational transitions, as well as the
resonant electronic transition, can help define the molecu-
lar axes, then the analysis to deduce molecular orientation
from the measurement can be much simpler and more
reliable.

The most important future application of SFG spectros-
copy to surface science is, however, in the studies of tran-
sient surface phenomena. Pulsed laser probing in SFG
should enable us to selectively monitor the transient
species appearing on a surface, such as in a catalytic pro-
cess. Free-electron lasers operating in the ir could provide
the desired tunable ir beam. ' With ultrashort laser
pulses, ultrafast dynamics of surface states or surface
species can be studied by transient SFG. For example, one
can measure the dephasing time of a vibrational mode of
surface adsorbates by photon echoes: two consecutive ir
pulses excite a vibrational resonance; the resultant echo
can be detected by up-conversion to the visible using SFG.
Since the dephasing time of a typical surface vibrational
mode is expected to be around a few picoseconds or less,
subpicosecond tunable ir laser pulses may be needed. We
are presently working in our laboratory to demonstrate the
possibility of observing such surface photon echoes.

We have shown in this paper that surface SFG can
indeed be used for surface spectroscopy in the ir. The ex-
periment reported here is the first important step that
could lead to a new, exciting surface spectroscopic tech-
nique with very high time, space, and spectral resolution,
and capable of studying ultrafast molecular dynamics and
transient phenomena at various types of interfaces.
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TABLE I. Parameters characterizing the vibrational resonances obtained from theoretical fit to the
experimental result of sum frequency generation. The numbers in the parentheses are less accurate
since they were deduced from resonance peaks appearing outside our laser tuning range.

Mode
frequency

solid (cm ')

922
948

1050
1078
1090

Halfwidth
r,

solid (cm ')

6
6
4
5
5

Nonresonant background

Mode
frequency

Ng

surface (cm ')

(918)
951

1039
(1074)
(1087)

Resonant
nonlinear

polarizability
aP'-A jI
(10 29 esu)

(7.0+ 1.0)
3.0 ~ 0.5
8.9 ~ 1.0

(5.1 +' 2.0)
(10.2+ 3.0)
11.6 ~ 1.0

Resonant surface
nonlinear

susceptibility
z]2) ~~&~)2)

Ns 2X10' /cm
(10 '4 esu)

(1.4+' 0.2)
0.6+ 0.1

1.8 ~ 0.2
(1.0 ~ 0.4)
(2.0 ~ 0.6)
2.3 ~ 0.2
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