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Abstract

We present an experimental and theoretical investigation into time- vs. frequency-domain femtosecond sum fre-

quency spectroscopy at the metal–liquid interface. Although frequency and time-domain measurements are theoreti-

cally equivalent it is demonstrated here experimentally that the two approaches are sensitive to different physical aspects

of the system and provide complementary information. Time-domain measurements are demonstrated to be more

clearly influenced by the inhomogeneity of adsorption sites, since the decay of the vibrational polarization can be

mapped directly. A generalization of existing models allows for the simultaneous description of both frequency and

time-domain measurements.

� 2003 Elsevier Science B.V. All rights reserved.

Vibrational sum frequency generation (SFG) is

a powerful surface specific probe of molecules at

interfaces. It has been used to study gas–metal

[1–3] (applying fs to ns laser pulses) and also li-
quid–metal interfaces [4–7] (applying ps and ns

pulses) that are of importance for e.g., catalysis or

electrochemistry. The strength of the technique is

that it directly interrogates the vibrational modes

of the adsorbed molecule, leading to detailed in-

sights in the binding, structure, and vibrational

dynamics of the metal–adsorbate system. The re-

cent extension of this technique to the fs regime
enables not only frequency multiplexing experi-

ments [8–10], but also time-domain measurements

[11,12]. In addition, since the pulse duration (typ-

ically �100 fs) is appreciably shorter than the de-
cay of the vibrational polarization (dephasing time

or inverse linewidth), this decay can be mapped
directly in the time-domain.

Hence, information about the polarization

decay can be obtained either by performing a time-

domain measurement or indirectly from the line-

width in a frequency-domain spectrum. After an

ultrashort fs-infrared pulse creates a macroscopic

polarization, its decay can be probed in two ways,

as illustrated in Fig. 1. In a frequency-domain
measurement the infrared polarization is upcon-

verted using a spectrally narrow (temporally long)

visible pulse. The (homogeneous) spectral line-

width (2C) is directly related to the vibrational

dephasing time T2 (C ¼ 1=T2). In a time-domain

experiment the polarization is upconverted using a
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temporally short (spectrally broad) pulse and the

integrated SFG intensity is measured as a function

of delay time (sd) between the infrared and visible
pulse. In this way the time evolution of the vi-

brational polarization, commonly referred to as
free induction decay (FID), is observed in real-

time. Since in both schemes the polarization decay

is detected, the polarization measured in the time-

domain is the Fourier transform of the frequency-

domain result.

We demonstrate that, although both measure-

ment schemes are therefore theoretically equiva-

lent, the time-domain experiments are inherently
more sensitive to the lineshape as the non-resonant

metal response can be separated from the resonant

molecular response. We illustrate this with time-

domain and frequency-domain measurements of

homogeneously and inhomogeneously distributed

oscillators (the C–H and C–N stretch vibration of

liquid acetonitrile (CH3CN) on an amorphous

gold surface). We adapt existing models to eluci-
date the vibrational decay mechanism and describe

both time-domain and frequency-domain mea-

surements within one formalism.

The SFG experiments are performed using 120

fs FWHMGaussian pulse duration infrared pulses

(10 lJ energy FWHM spectral bandwidth of 220

cm�1) centered at 2940 and 2250 cm�1 for inves-

tigating the C–H and C–N stretch mode of ace-
tonitrile, respectively. The temporal and spectral

profile of the 800 nm visible pulse (2.3 lJ, repeti-
tion rate reduced from 1 kHz to 83 Hz) was varied

using a pulse-shaper: frequency-domain SFG

spectra are recorded with a 3 cm�1 FWHM

bandwidth (>10 ps auto-correlate) upconversion

pulse and time-domain FID�s are measured with
120 fs visible pulses. Switching from time-domain

to frequency-domain measurements only requires

the insertion of a slit in the pulse-shaper, leaving

the alignment unchanged. For a meaningful com-

parison, we have used identical energies of the

visible pulse in the frequency-domain and time-

domain experiments. Note that it is straightfor-

ward to increase the signal in the time-domain
measurement, by increasing the pulse energy (only

2.3 lJ is used in the experiment). In the frequency-
domain measurement, increasing the pulse energy

cannot be done without sacrificing spectral reso-

lution, for our type of experimental set-up. The

measurements were done in a co-propagating total

internal reflection geometry (after [5,13]) in which

the reflected SFG field is detected (see Fig. 1). The
p-polarized IR (VIS) pulses are incident under 57�
(61�) with respect to the surface normal. The 3 nm
thick Au films are prepared by vapor deposition

on the face of a 60� CaF2 prism. This produces
thin (high resistivity) films with a roughness de-

termined by the substrate [14]. The absorbed flu-

ence was kept well below the ablation threshold

(�1:7 mJ=cm2
, as determined both experimentally

and from a two temperature model calculation, see

e.g., [15]) and prior to each measurement the signal

of the non-resonant CaF2/Au/air interface was

checked to make sure that the layer was not

damaged. The signal of a purposely damaged gold

layer is dramatically lower. Thus it was ensured

that the experiments presented here were per-

formed on intact, homogeneous gold layers.
The top panel of Fig. 2 shows an SFG spectrum

in the C–H stretch region of an acetonitrile/gold

interface and an air/gold interface. The main peak

from the acetonitrile/gold interface corresponds to

the symmetric C–H stretch vibration of the CH3

stretch vibration of acetonitrile [14]. The measured

SFG spectra can be reproduced very well with the

calculated SFG intensity (ISFGðxÞ) expressed in
terms of the second-order non-linear polarization

(Pð2Þ), which is the product of the second-order

Fig. 1. Schematic illustration of a frequency-domain (left) and

a time-domain (right) SFG experiment. In a frequency-domain

experiment, temporally long (spectrally narrow) VIS pulses are

used to upconvert the IR-induced polarization at the surface

and the time integrated signal is recorded as a function of fre-

quency. In the time-domain experiment, short pulses are em-

ployed, and the frequency-integrated SFG signal is recorded as

a function of delay time between IR and VIS pulses.
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non-linear susceptibility (vð2Þ), the infrared EðxIRÞ
and visible EðxVISÞ fields [1,2]:

ISFGðxÞ / jP ð2ÞðxÞj2 / jvð2ÞðxÞj2

¼ jvð2Þ
RESðxÞ þ vð2Þ

NRðxÞj2

vð2Þ
RES ¼

A
ððx � x0Þ � iCÞ ; vð2Þ

NR ¼ A0ei/
ð1Þ

with x0 the resonance frequency, 2C the spectral

FWHM linewidth and / the phase difference be-

tween the resonant and non-resonant SFG fields.

The response of the interface consists of a resonant

term (vð2Þ
RES) to describe the interaction of the light

with the vibrational mode and a non-resonant

term (vð2Þ
NR), due to the instantaneous response of

the metal to the light. vð2Þ
RES is usually modeled as a

Lorentzian response. The non-resonant contribu-

tion can be extracted from the gold/air SFG

spectrum. The dashed line in Fig. 2 is a fit to the

data using this model, resulting in x0 ¼ 2939 cm�1

and C ¼ 8:0 cm�1 corresponding to T2 ¼ 0:66 ps.
The lower panel of Fig. 2 shows a time-domain

measurement of the same vibration. This FID

consists of both a non-resonant (instantaneous)

and a resonant (decaying) contribution. The same

measurement is also shown for a clean gold sur-

face, which is the cross-correlate of the incoming

pulses and allows for determining the time reso-

lution of the experiment. It can immediately be
seen that the decay of the resonant signal is ex-

ponential, with a slope of 3.2 THz (¼ 2=T2), cor-
responding to T2 ¼ 0:61 ps, in good agreement

with the frequency-domain analysis. To reproduce

the FID, we follow the procedure first described by

Owrutski et al. [2]. The SFG intensity (ISFG) as a
function of delay time (sd) between the infrared

and visible fields can be calculated from the time-
dependent polarization P ð2Þðt; sdÞ, as

ISFGðsdÞ ¼
Z 1

�1
jP ð2Þðt; sdÞj2 dt; ð2Þ

P ð2Þðt;sdÞ ¼ EVISðt� sdÞ a
Z t

�1
EIRðt0Þvð2Þ

RESðt
�

� t0Þdt0

þ bEIRðtÞei/
�
eiðxIRþxVISÞt þ c:c: ð3Þ

The first term between brackets in Eq. (3) describes
the resonant interaction of the infrared field

with the adsorbate (with a magnitude a), where
vð2Þ
RESðtÞ is the time dependent envelope of the re-
sponse of the adsorbate. The second term describes

the non-resonant instantaneous response of the

gold surface to the infrared field with a magnitude b
and a phase difference / with respect to the reso-

nant polarization. EIRðtÞ and EVISðtÞ are the IR and
VIS fields envelopes. The frequency-domain Lo-

rentzian response implies single exponential decay

in the time-domain. Indeed using Eq. (2), with

vð2Þ
RESðtÞ ¼ e�t=T2 and T2 ¼ 0:61 ps results in excellent
agreement between data and model (see the fit in

the lower panel of Fig. 2). It should be noted that

the bandwidth of the upconversion pulse is negli-

gible compared to the vibrational linewidths.

Fig. 2. Frequency-domain and time-domain SFG measure-

ments in the C–H stretch region of acetonitrile. Top panel: SFG

spectra of a clean Au film (lower spectrum) and a Au film with

acetonitrile. The weak feature around 3000 cm�1 corresponds to

the asymmetric stretch vibration. Lower panel: free induction

decay of a clean Au film (offset) and a Au film with acetonitrile.

The dashed lines in both panels are fits to the data with very

similar T2�s (see text). The inset shows EIRðtÞ and vð2Þ
RESðtÞ.
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Very contrasting behaviour is observed for the

C–N stretch vibration of acetonitrile on gold [14].

Fig. 3 shows both the SFG spectrum (top panel)

and the FID (lower panel). This spectrum can be

reproduced very well with Eq. (1), setting

x0 ¼ 2250 cm�1 and C ¼ 7:6 cm�1 (T2 ¼ 0:68 ps).
As both the SFG spectrum and the FID are a

measurement of the same polarization, the FID

should be described with the time-domain equiv-

alent (Fourier transform) of the frequency-domain

response. However an exponentially decaying

vð2Þ
RESðtÞ and T2 ¼ 0:68 ps (the calculated FID,

shown as dashed line in the lower panel of Fig. 3)

clearly does not describe the measured FID.

Apparently, obtaining a good fit with the com-

monly employed Eq. (1) is not a guarantee for

homogeneous dephasing behaviour. The clear

non-exponential decay of the FID seems to suggest

a partially inhomogeneous scenario, in which the

resonance frequency is not the same for all mole-
cules but varies with the adsorption site 1.

Following [7,16,17], such a partially inhomo-

geneous distribution of adsorption sites can be

characterized by a Gaussian distribution, gðx0
0Þ,

of resonance frequencies (x0
0) centered around

xinh with a width Dx, i.e., gðx0
0Þ ¼ 2=ðDx

ffiffiffi
p

p
Þ

e�ððx0
0
�xinhÞ2=ðDxÞ2Þ. The time-domain resonant

response can then be written as

vð2Þ
RESðtÞ ¼

X
x0
0

vð2Þ
RESðt;x0

0Þ

¼
Z 1

0

dx0
0gðx0

0Þe�t=T2eiðx
0
0
þxVISÞt þ c:c:

� vð2Þ
RESðtÞ cosðxinh þ xVISÞt ð4Þ

which consists of a time dependent envelope

vð2Þ
RESðtÞ and an oscillating frequency xinh þ xVIS.

For the frequency range of interest, the envelope

can be approximated by vð2Þ
RESðtÞ ¼ e�t=T2e�t2ðDx=2Þ2 ,

as long as Dx=xinh 
 1. This is a generalized
version of the commonly used equation to fit SFG

spectra. The amount of inhomogeneity is deter-

mined by the product DxT2; DxT2 
 1 describes a

homogeneous scenario (obtained by setting

gðx0
0Þ ¼ dðx0

0 � x0Þ), whereas DxT2 � 1 yields a

totally inhomogeneous distribution of sites. To

obtain the frequency-domain polarization, we take

the Fourier transform of P ð2Þðt; sd ¼ 0Þ and regard
the visible field as a CW field.

Applying Eqs. (2)–(4) to calculate the FID and

the upper part of Eq. (1) in combination with the

Fourier transform of Eq. (4) to reproduce the

spectrum yields the fits in Fig. 3. Using the same

dephasing time (T2 ¼ 1:65 ps) and frequency dis-
tribution (xinh ¼ 2250 cm�1 and Dx ¼ 2:8 cm�1,

DxT2 ¼ 0:6), both the SFG spectrum and the FID
can be reproduced very well with one set of

Fig. 3. Frequency-domain and time-domain SFG measure-

ments in the C–N stretch region of acetonitrile. Top panel: two

(identical) SFG spectra of a Au film with acetonitrile. The

upper (lower) spectrum is fitted assuming a homogeneous (in-

homogeneous) distribution of adsorption sites. Lower panel:

free induction decay of a Au film with acetonitrile. The data

shown consists of an average of nine different data sets, of

which the error bars show the spread. The dashed (solid) line is

a calculation assuming a homogeneous (inhomogeneous) dis-

tribution of adsorption sites (see text). The inset shows vð2Þ
RESðtÞ

used in Eq. (3).

1 An exponential fit to the TD measurement results in a FD

FWHM linewidth of 6.6 cm�1, which is significantly too

narrow.
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parameters. That this is a unique set of parameters

can be seen from the functional form of vð2Þ
RESðtÞ

immediately. Namely, the function in the exponent

is a unique function. This directly translates to the

uniqueness of vð2Þ
RESðtÞ itself. To illustrate this, Fig.

4 shows three calculated SFG spectra and FID�s
for two different sets of Dx and T2. Dx ¼ 2:8 cm�1

and T2 ¼ 1:65 ps corresponds to the best fit. The
degree of inhomogeneity, Dx, was varied by a

factor of 2, and T2 was treated as a fitting pa-

rameter. It clearly demonstrates that the time-do-

main allows for a more accurate estimate of T2 and
Dx than the frequency-domain. The error in the

derived values for Dx and T2 are determined by the
signal-to-noise ratio in the tail of the FID, and

amount to Dx ¼ 2:8� 1 cm�1 and T2 ¼ 1:65� 0:4

ps. For totally inhomogeneous dephasing behav-

iour however, the frequency-domain spectrum can

be decisive, as it should be totally symmetric

around xinh.

From the above analysis the following conclu-

sions can be drawn:
(1) Although the SFG spectrum and the FID

both map the macroscopic polarization at the

surface, the time-domain measurement is much

more sensitive to the spectral lineshape. It is in-

herently more sensitive to the molecular response

than the frequency-domain measurement, since the

non-resonant signal is only present when the two

short pulses overlap. Thus, for IR–VIS delay >0.5
ps the time-domain FID is governed solely by the

decay of the resonant polarization. In contrast, the

frequency-domain SFG spectrum does not give an

unobscured image of the resonant polarization,

since the molecular polarization always interferes

with the non-resonant metal response. Therefore,

independent of the lineshape model employed, a

theoretical description of the frequency-domain
data will always have one extra parameter, namely

the phase difference between the resonant and non-

resonant response. Apart from an extra fitting

parameter, the frequency-domain SFG spectra can

also be distorted due to the large dispersion in the

refractive index of acetonitrile around the reso-

nance [5]. This effect will be present in the inter-

ference region and hence can cause appreciable
distortion to the frequency-domain spectrum.

Moreover, from an experimental point of view, the

signal-to-noise in the time-domain experiment can

be increased more easily than the signal-to-noise in

the frequency-domain experiment.

(2) Even with a partially inhomogeneous dis-

tribution of adsorption sites it is still possible to

determine the homogeneous dephasing time. The
above model only assumes an exponentially de-

caying set of resonances with a Gaussian fre-

quency distribution. Such an approach, however,

includes an assumption regarding the distribution

and is not a direct measurement of inhomogeneous

effects, like a photon echo experiment.

(3) Considering only the frequency-domain

data, it is clear that obtaining a good fit assuming
a Lorentzian response is not a guarantee for ho-

mogeneous dephasing behaviour.

Fig. 4. Calculated frequency-domain (top panel) and time-do-

main SFG spectra (bottom panel) in the C–N stretch region of

acetonitrile for different values of Dx and T2. The solid line

corresponds to the fit in Fig. 3. Dx ¼ 1:4 cm�1, T2 ¼ 1:3 ps

corresponds to a more homogeneous scenario (� � �) and

Dx ¼ 5:6 cm�1, T2 ¼ 8:0 ps corresponds to a more inhomoge-

neous scenario (- - -). The time-domain data is also shown. The

inset shows vð2Þ
RESðtÞ changing shape.
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In summary, although frequency-domain and

time-domain SFG experiments are theoretically

equivalent, they can lead to different conclusions

concerning the lineshape. To elucidate the vibra-

tional decay mechanism both time and frequency-

domain measurements should be conducted and
analyzed in a detailed fashion.
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