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Abstract

Recent years have seen a huge progress in the
development of phase sensitive second order
laser spectroscopy which has proven to be a
very powerful tool for the investigation of in-
terfaces. These interferometric techniques in-
volve the nonlinear interaction between three
short laser pulses with the sample. In order
to obtain accurate phase information, the rel-
ative phases between the pulses must be sta-
bilized and their timings precisely controlled.
Despite much progress made, fulfilling both re-
quirements remains a formidable experimental
challenge. The two common approaches employ
different beam geometries which each yields its
particular advantages and deficiencies. While
non-collinear spectrometers allow for a rela-
tively simple timing control they typically yield
poor phase stability and require a challenging
alignment. Collinear approaches in contrast
come with a simplified alignment and improved
phase stability but typically suffer from a highly
limited timing control. In this contribution we
present a general experimental solution which
allows for combining the advantages of both ap-
proaches while being compatible with most of
the common spectrometer types. Based on a
collinear geometry we exploit different selected

polarization states of the light pulses in well-
defined places in the spectrometer to achieve a
precise timing control. The combination of this
technique with a balanced detection scheme al-
lows for the acquisition of highly accurate phase
resolved nonlinear spectra without any loss in
experimental flexibility. In fact, we show that
the implementation of this technique allows us
to employ advanced pulse timing schemes inside
the spectrometer, which can be used to sup-
press nonlinear background signals and extend
the capabilities of our spectrometer to measure
phase resolved sum frequency spectra of inter-
faces in a liquid cell.

Introduction

Second order nonlinear spectroscopies like sum
frequency, difference frequency or second har-
monic generation spectroscopy (SFG, DFG or
SHG respectively) have recently become an in-
dispensable tool for the characterization of in-
terfaces. Compared to their linear counterparts
these techniques offer the advantage of inter-
face specificity (within the electric dipole ap-
proximation) provided the adjoining bulk me-
dia possess centrosymmetry. This intrinsic in-
terface sensitivity opens up the possibility to



selectively probe and characterize interfacial
species and to study interfaces between bulk
condensed phases. As a result of these unique
properties SFG, DFG and SHG spectroscopies
have been successfully applied to study inter-
facial phenomena in research areas, including
medicine, '? electrochemistry,?, environmental*
and material sciences. 55

In second order nonlinear spectroscopies two
incident laser fields E; and F5 with different
(SFG, DFQG) or equal frequencies (SHG) are
overlapped at the desired interface to generate
a third field Eg;, which is be detected and an-
alyzed. This nonlinear process is driven by the
complex material response which is described
by the second order susceptibility y.7°

Esi, < XPE\ F, (1)

The spectrum of y® reveals resonant transi-
tions in the interfacial species at the pump
and/or the signal frequencies, and the sign of
its imaginary part (+ or -) is directly related
to their orientation with respect to the inter-
face.”% In order to extract the complex x(®
spectrum in a measurement the amplitude and
phase of the generated signal field Fg;, must
be determined. Phase-sensitive techniques typ-
ically do so by superimposing Fg;, with a refer-
ence beam of known phase, the so called local
oscillator (LO)."™ The detected heterodyned
intensity I is then given by

Idet = ’Esig + -ELO|2 (2)

In order to obtain the desired phase and am-
plitude of the signal the quantity Fg;, must
be extracted from the measured intensity Ig..
Various types of phase sensitive nonlinear spec-
trometers that have recently been designed
follow different approaches to achieve this.
They can roughly be divided into two types:!!
scanning time domain approaches (narrowband
or broadband versions) and broadband multi-
plexed frequency domain techniques.!'%!2716 Tn
time domain approaches the intensity modula-
tion in [4. is recorded while the relative phases

of Eg;q and Ero are shifted. This can be done
by scanning the relative time delay between
the pulses Fs;, and FEro' or by modulating
the carrier envelope phase within one of the
pulses. This second possibility is exploited in
a recently developed broad band time domain
SFG scheme. 317

In the alternative broadband frequency domain
approach, the local oscillator pulse is typically
delayed by a few picoseconds with respect to
the signal pulse leading to sharp interference
fringes in the spectral domain which can be
recorded by a polychromator. Through inverse
Fourier filtering of I;.;(w) phase and amplitude
of Eg;, can then be determined.'?'®:1

Apart from the aforementioned differences all
techniques rely on one common technical re-
quirement: fine control over the relative phases
between Fg;, and Epo either for scanning the
phases or for setting the pulse delays to the
required values. 11819 The experimental imple-
mentation of such a control is, as we show in
the following, nontrivial.

The advent of laser systems delivering fem-
tosecond pulses has led to the development
of broadband spectroscopic techniques which
offer crucial advantages over the ordinary nar-
rowband approaches. Performing nonlinear
spectroscopy with such pulses increases the
conversion efficiency of nonlinear processes and
allows for covering a large spectral range in a
single experiment without the need for time
consuming frequency scans.?° Obviously, if the
two pump pulses are short (fs to ps) they must
be precisely overlapped in time to generate a
nonlinear signal. In heterodyned second order
spectroscopy both the LO and the sample sig-
nal are typically generated consecutively by the
same pump pulse pair (or a replica extracted by
a beamsplitter) to ensure a well defined phase
relationship between FEg;, and Epp.'%1418:19.21
The pump pulses must then be temporally over-
lapped at both the sample and the location of
LO generation (typically a reference crystal) in
the spectrometer. As shown above it is simul-
taneously required that the relative time delay
between the LO and the signal can be freely
tuned.
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Figure 1: Common Heterodyned SFG spec-
troscopy setups. A) Non collinear geometry. B)
Collinear geometry.

The most common solution to achieve this
timing control is to use a non-collinear spec-
trometer design (see figure 1 A).71016:22 The
pump pulses have thereby different incidence
angles and the generated LO and signal waves
are emitted in a third direction (determined
through phase matching?). That way en route
towards the sample the two pump pulses and
the local oscillator all are spatially separated
allowing for independent control of their phases
(e.g. by introducing dispersive media of various
thickness in any of the beams). Though the ease
of timing control in this non-collinear approach
is highly beneficial it comes with important
technical and operational disadvantages. The
spacial separation of the three beams between
the reference and the sample position strongly
reduces the phase stability of the interferome-
ter and the resulting phase drifts can severely
distort the obtained complex spectra.'® This
phase instability can be reduced by using com-
mon optics for all beams (see figure 1 A), which
in turn leads to a strong reduction in degrees of
freedom for the alignment of the three beams
onto the sample. In particular obtaining a per-
fect spatial overlap of the incident pump beams
at both the sample position and the reference
crystal while simultaneously matching the angle
of the emitted signal to the reflection angle of
the LO now becomes a considerable experimen-

tal obstacle. Furthermore, the phase matching
direction or emission angle respectively for the
signal and the LLO depends in a non-collinear
set up on the frequencies of the incident pulses®
making a repetition of the alignment procedure
mandatory whenever one of the frequencies is
modified. Finally, this approach causes the
relative phase of the LO and the signal to be
sensitive to the exact positioning of the sample
which lowers comparability of the results from
different samples.

All these challenges can be circumvented by
using a full collinear design (figure 1 B) which
offers improved phase stability, largely simpli-
fied alignment and high phase reproducibility
upon exchange of samples. 2324 However this
comes at the price of reduced flexibility to con-
trol the pulse timings. Any dispersive material
that is inserted into the beam path between
the reference crystal and the sample position
now acts on all the three beams simultaneously.
Achieving a correct setting of the different pulse
timings is hardly possible with this method. A
second undesired side effect of the collinear ge-
ometry is the possible generation of background
nonlinear signal contributions originating from
the surfaces of the beam guiding optics in-
side the spectrometer. Due to the collinearity,
the pump beams do not exclusively overlap
at the sample and reference crystal position
respectively but also at several other optical
elements. Without a suitable experimental so-
lution to this problem the resulting background
contribution may be indistinguishable from the
sample signal and can lead to distortion in the
obtained complex spectrum. The comparison
between the two spectrometer geometries seems
to suggest that the choice to make use of the
strength of one approach intrinsically excludes
the possibility to benefit from the strengths of
the other.

In this article we present a method that al-
lows for combining the advantages of the non-
collinear and the collinear spectrometer designs.
The method is based on a collinear approach
and we will show how a precise timing con-
trol of the involved beams can still be achieved
without any loss in experimental flexibility.



Furthermore, we will demonstrate how the con-
tributions from background signals which ap-
pear in collinear spectrometers can efficiently
be suppressed.

In the next section we first present the general
principles and equations for the collinear timing
control, followed by the result section, where
we demonstrate the performance of the tech-
nique using two representative applications:
the successful suppression of background sig-
nals and the measurement of the heterodyned
vibrational second order spectrum of a self as-
sembled monolayer inside an electrochemical
cell.

Concept

The key to a precise timing control between
the pulses Eg;, and Ero in a collinear beam
geometry without affecting the phases of the
pump pulses E; and Ej is to introduce the rel-
ative time delay between the signal and the LO
in the detection beam path after the sample
and the reference crystal. Here the presence of
the pump pulses is not required, they can thus
be filtered out, and only two beams with the
same frequencies, the LO and the SFG signal
remain propagating collinearly. To address the
two pulses independently they need to differ in
at least one property. One possible way is to
make use of their respective polarization direc-
tion. Supposed Es;, and Ero have orthogonal
polarization, then we can shift their timing us-
ing a birefringent crystal?® as shown in the fol-
lowing.

The time 7' any light pulse takes to travel
through a bulk material depends on its fre-
quency w and the corresponding refractive
group index n,(w) as well as the distance I:

(3)

with ¢ being the speed of light in vacuum. The
distance [ depends on the bulk thickness d, the
wave’s angle of refraction o/ and its polariza-
tion. In the case of a uniaxial birefringent crys-
tal two values for [ are obtained corresponding
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Figure 2: Working principle of the time de-
lay compensation unit. The orthogonally po-
larized LO and Signal pulses (red and blue re-
spectively) of same frequency pass a birefrin-
gent crystal which introduces a variable time
delay between the pulses which can be varied
as a function of the incidence angle a. 9§ rep-
resents the angle between the surface normal
and the optical axis (green). The Fresnel rhomb
turns both beams’ polarizations by 45° and the
polarizing beamsplitter projects the polariza-
tions onto a horizontal and a vertical axes to
achieve balanced detection.'®'” The so intro-
duced time delay as a function of incidence an-
gle (dCalcite = lmm, 0= 25O, /\SFG = 645 nm)
is shown in the graph at the upper right corner.

to the ordinary and extraordinary propagation
inside the crystal and is given by

d
loe = (4)
7 COS’(O‘i),e + /)O,e)

Here p is the walk-off angle which accounts for
the mismatch between the Poynting and wave
vector in anisotropic media. While p is zero for
the ordinary wave its value for the extraordi-
nary wave can be calculated according to26

tan(p) sin(d + o) cos(d + o) (n2 , — n2 )
an(p) = . -
P n2 ,sin*(6 + o) +n2 , cos?(6 + al)

(5)

In this equation n,, and n,. are the ordinary




and extraordinary phase refractive indices re-
spectively and 0 the crystal cut angle as defined
in figure 2.

o’ is obtained via Snell’s law as a function of
the incident angle o (equation 6).

sin(a)

(o ) = sin=Y(
Mipie,o(W)

) (6)
A pulse whose electric field is orthogonal to the
optical axis (OA), such as the nonlinear signal,
always experiences the same phase refractive in-
dex n,, which is independent of the refracted
angle. In contrast, a pulse whose electric field
lies in the plane defined by the pulse’s wave
vector and the OA(e.g. the local oscillator) will
experience an effective phase refractive index
Npeff given by

o Npolpe
np,eff_ 9 . 2(5+ /)+ 2 2(5+ /)
np’o Sin «, np,e COS «,
(7)

Combining equations 6 and 7 the effective phase
index can be calculated as a function of the in-
cidence angle a.. For § # 0 the equations need
to be solved numerically.

Inserting the result into equation 6 we obtain
the refractive angle o which can be used to de-
termine the individual transit times for the two
pulses through the material (equations 3 and
4). The effective group index required for this
calculation is the material constant ng, for the
ordinary wave while the corresponding value for
the extraordinary wave can be calculated in the
same manner as the phase index, using the re-
spective values for the ordinary and extraordi-

nary group refractive indices n,, and ng.:?7

o Ngolge
Ngeff = 5 _2<5+ /)+ 5 2(5+ ,>
n ,sin ) +n? , cos al,
(8)

In order to obtain the overall relative delay of
the two pulses upon arrival at the detector one

has to finally account for the additional dis-
tance that the ordinary beam travels outside
the birefringent crystal (equation 9) caused by
the difference in the refracted angles between
the ordinary and the extraordinary waves.?

! ((tan(c, + p) — tan(c))dsina)  (9)
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&

The curve showing the overall induced time
delay between the two pulses as a function of
incident angle is also shown in figure 2. The cal-
culation was performed assuming a 1 mm thick
calcite crystal with a crystal cut angle of 25° at
a wavelength of 645nm which corresponds to
our experimental parameters. The results show
that such a birefringent crystal can indeed be
used to smoothly vary the relative time delay
between the LLO and the nonlinear signal pulse
over hundreds of femtoseconds. The crystal
must be aligned such that the LO electric field
lies either in or orthogonal to the plane defined
by the wave vector and the OA. Larger delays if
desired can be obtained using a thicker crystal
or by modifying the crystal cut angle.

With this possibility of controlling the time de-
lay between the signal and the LO pulse in hand
we come to the question of how the interference
between the two pulses can be detected. Within
our assumption the two beams are orthogonally
polarized and hence do not show any interfer-
ence effects if detected directly. However they
can be brought to interference by introducing a
balanced detection scheme. 3172 To do so the
polarizations of the two beams are each pro-
jected onto two new polarization axes which
are rotated by 45°. This can be realized with
a combination of a waveplate with a polarizing
beamsplitter which are placed behind the bire-
fringent crystal (see figure 2). The resulting
two beams now both contain the interference
between the two pulses, however, with opposite
signs as shown in equation 10 and depicted in
figure 2.13
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Recording the difference of the detected inten-
sities from both resulting beams allows to iso-
late the pure interference term. Furthermore
the cancellation of the square terms |Eg;,|?
and |Ero|? in the difference of the detector re-
sponse efficiently reduces noise that originates
from intensity fluctuations, mainly from the
much stronger LO. Improvements of one or-
der of magnitude in signal to noise ratio can
easily be achieved with this detection scheme. 7

So far, we have assumed that the signal and
LO waves are orthogonally polarized. However,
this is not a mandatory requirement for this
detection scheme. The described optical ar-
rangement rather acts similar to a polarization
filter to the signal wave. Any polarization com-
ponent parallel to the polarization of the local
oscillator is eliminated by applying the differ-
ence in this balanced detection scheme since
parallel components lead to interference terms
with equal signs for both detectors. The po-
larization direction of the LO hence defines the
detected polarization direction of the signal.
To switch the detection from one polarization
direction of the signal to another, it is sufficient
to simply change the polarization of the LO.
Note, because this leads to an interchange of
polarization directions between the signal and
LO also the orientation of the birefringent crys-
tal needs to be changed by rotation about its
surface normal and readjusting the tilt angle.
In conclusion, by placing the birefringent crys-
tal and the balanced detection scheme in series
in the detection beam path we can obtain con-
trol over the relative pulse delays and detect
any polarization component of a nonlinear sig-
nal from the sample. Importantly this holds in-
dependently from the polarization states of the
pump pulses since they are no longer present
in the detection beam path.

One additional important requirement for this
type of detection is, however, that the LO ex-

hibits a clean linear polarization. Furthermore
this polarization must be tunable to any po-
larization direction independent of the selected
polarizations of the pump beams. Achieving
this in a collinear beam geometry is again non-
trivial because in this case the polarization of
the LO cannot be controlled by placing a wave-
plate and a polarizer into the LO beam. One
solution is to use a thin z-cut alpha quartz crys-
tal for the generation of the LO, which is placed
at normal incidence into the beam path of the
two collinear pump pulses before or after the
sample. As a result of the non-centrosymmetric
crystal structure of the alpha quartz, a second
order signal is generated inside the bulk which
is emitted in transmission direction and can be
subsequently used as LO. Since in our collinear
case all beams travel along the quartz’ OA the
pulses do not experience any birefringence and
as a consequence the resulting LO pulse is per-
fectly linearly polarized. Furthermore as shown
in the SI the polarization direction of the LO
can be continuously tuned by simply rotating
the quartz crystal about its z-axis. This prop-
erty thereby holds for any combination of pump
beam polarization. The use of the z-cut quartz
wafer to generate the LO therefor offers pre-
cisely that degree of flexibility in polarization
control which is needed.

As illustrated above the technical solution to
include all the advantages of a non-collinear
beam geometry in a collinear spectrometer de-
sign contains three parts: (1) The control of
the relative time delay between the LO and
the signal using a birefringent crystal, (2) the
balanced detection scheme to extract the in-
terference term and (3) LO generation with
polarization control in a z-cut alpha-quartz
crystal. There have recently been quite similar
approaches published where pulse delay con-
trol is achieved by exploiting the properties of
a birefringent crystal inside the spectrometer
(mainly for SHG spectrometers).?® However,
the way this timing control is implemented
requires a certain polarization combination be-
tween pump and signal pulses which limits the
applicability of the technique to particular ex-
perimental settings. In contrast, the approach
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Figure 3: Schematic representation of our phase
sensitive collinear time domain SFG spectrom-
eter.

presented here is a general solution which is
compatible with most of the common SHG and
SFG spectrometer types (time domain as well
as frequency domain techniques) without im-
posing any limitations on the choice of beam
polarizations. Furthermore it can be imple-
mented in already existing homodyned second
order spectrometers quite easily to upgrade
them into more powerful, collinear, phase sen-
sitive heterodyned versions.

Results and discussion

After the introduction of the concept for adjust-
ing the delay between the local oscillator (LO)
and the nonlinear sample response in collinear
spectrometers we now demonstrate its exper-
imental application. The experiments are car-
ried out using our recently developed phase sen-
sitive, collinear, time domain SFG spectrometer
shown in figure 3 where we implemented the
described optical set up in the detector beam
path.!” In this time domain approach the sum
frequency signal and the LO pulse are gen-
erated by nonlinear mixing of two ultrashort
pump pulses, one in the infrared spectral range
and the other centered at 800 nm. The 800
nm beam is aligned to consecutively pass a z-
cut quartz wafer at which the LO is generated
and the sample while the beam is overlapped

at these two positions with individual portions
of the infrared beam in a collinear fashion (see
figure 3). The separation of the two IR por-
tions is achieved by the use of a beamsplitter
and both partial beams are fed into the 800 nm
beam path by two custom-made incoupling op-
tics. After filtering out the pump beams the
resulting heterodyned SFG signal passes a cal-
cite plate for pulse delay control to be finally
detected using the aforementioned balanced de-
tection setup. An interferogram is recorded by
modulating the carrier envelope phase (CEP)
and amplitude of the SFG signal with respect
to the CEP of the LO while the SFG signal and
the LO temporally overlap to maximize the in-
terference amplitude.'® The CEP modulation is
obtained by shifting the relative phases (chang-
ing the time delays) of the two infrared portions
used to generate the LO and signal pulse respec-
tively. Fourier transformation of the resulting
interferogram yields the complex valued SFG
spectrum which is frequency resolved along the
IR spectral axes. More details about the optical
setup can be found in the supporting informa-
tion and in the corresponding publications.!"?!

1. Suppression of background SFG
contributions

In a first example to demonstrate the capabil-
ities of our technique we turn to the problem
of possible contamination of a nonlinear sig-
nal with background contributions caused by
the collinear design (see introduction). In our
spectrometer background signals can originate
from the incoupling optic and the focusing
parabolic mirror depicted in figure 3. This
situation is schematically shown in figure 4A.
Although these background contributions are
generally small because the beams are usually
not focused other than onto the sample and the
reference crystal for the generation of the LO
they can become significant when samples are
investigated which only yield small nonlinear
signals.

Figure 4A shows a measurement of the non-
resonant SFG response of a z-cut alpha quartz
sample which represents this case. The ob-
tained interferogram contains the sample signal
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Figure 4: Analysis and suppression of background SFG contributions. A) common interferogram
as obtained in our collinear setup, acquired under ppp polarization combination. Introduction of a
quartz plate before the sample in B) suppresses the generation of sample signal. The residual SFG
originates from SFG background. In C) the pump pulses are delayed with respect to each other to
exclusively overlap in time at the sample position. The resulting timing mismatch between the L.O
and the sample signal is compensated by inserting and adjusting the calcite crystal. D) Control
experiment. A second fs quartz plate is introduced into the beam which eliminates the sample
signal. For comparability all interferograms where normalized to the one shown in A).

and a background SFG contribution of un- separated and no longer arrive at the sample
known magnitude. Without employing a suit- simultaneously. This temporal separation of
able technique these contributions are insepa- the two pump pulses leads to a suppression
rable. of the sample signal. However, the background
One possible way of distinguishing these sig- SEF'G and LO experience the same delay through
nals in a collinear approach is to avoid that GVD inside the fused silica and still overlap in
the pulses simultaneously overlap in time at time at the detector and thus show an interfer-
the sample and the beam guiding optics. This ence signal. Note that the calcite delay crystal
can be done by introducing a 3 mm thick fused is not installed in that cases of figure 4A and B.
silica plate at normal incidence into the beam The resulting interferogram is shown in figure

path right before the sample (see figure 4B). 4B and displays the isolated SFG background
Due to group velocity dispersion (GVD) inside contribution. As expected, its amplitude is
the material the different pulses get temporally smaller than the nonlinear sample signal, but



with a ratio of 1:10 it can easily be resolved.
Considering that our sample signal originates
from the relatively strong off-resonant bulk re-
sponse of alpha-quartz the obtained size of the
background contribution is indeed significant.
For studies of samples which yield smaller non-
linear signals the relative size of the background
contribution would be increased up to the point
that it could even dominate the overall signal.
This finding is remarkable since we took ex-
tensive precautions to avoid the generation of
such signals during the design process of the
spectrometer. Such precautions include e.g.
a careful choice of the materials used for the
installed optics and keeping reflection angles
close to normal incidence. The presence of
such background signals is therefore likely to
be a common phenomenon in collinear spec-
trometers. In fact, phase shifts and spectral
distortions originating from the interference of
the sample signal with such background con-
tributions may have contributed to the difficul-
ties to obtain reproducible phase resolved SFG
spectra from the air-water interface which have
resulted in controversial discussions. 30732 Tt
might therefore be appropriate to revisit some
phase resolved SF'G studies while accounting
for background signals.

Using the technique presented in figure 4B
we can determine the amplitude and phase of
the background SFG and we could in princi-
ple subtract the resulting interferogram from
the total interferogram acquired before (fig-
ure 4A. However, it would be more convenient
and certainly more accurate if the background
contribution was suppressed during the sample
measurement. To achieve this, we keep the pre-
viously installed fused silica plate in the beam
path but move the relative pulse delays be-
tween the IR and upconversion beam such that
they exclusively overlap in time at the sample
position as shown in figure 4C. Analogous to
the suppression of the sample signal in figure
4B the result should here be a suppression of
the background contribution. However, due to
the GVD in the fused silica plate the LO now
lags behind the upconversion beam and hence
ultimately behind the sample signal, which

largely diminishes the interference amplitude.
As shown in the concept section this timing
mismatch can be compensated by inserting and
tuning the calcite plate in the detection beam
path. The resulting interferogram is depicted
in figure 4C and shows the desired pure sample
spectrum. The amplitude of the interferogram
is comparable to the measurement in figure 4A.
This confirms the successful delay compensa-
tion with the calcite plate.

The analysis of the three interferograms in fig-
ure 4A-C is based on the assumption that the
signal suppression by introducing the respec-
tive time delays is efficient and that there is
no signal generated inside the fused silica win-
dow. While the latter assumption is clearly
supported by theoretical considerations (see
supporting information) the validity of both
assumptions can be tested experimentally. In
this control experiment a second fused silica
window is introduced into the beam path be-
fore the sample and the settings for the initial
relative pulse delays are kept the same as in
figure 4C. The schematic representation of this
experiment is shown in figure 4D. In this con-
figuration the background and the sample SFG
should both be suppressed and according to
the second assumption we do not expect any
nonlinear signal from the second fused silica
plate. We should thus not detect any interfer-
ence signal in the experiment. The result of the
measurement shown in figure 4D is in perfect
agreement with this prediction. This confirms
the validity of our analysis.

The experimental settings in figure 4C are thus
an approach to obtain precise and background
free SFG spectra within our spectrometer type
while benefiting from its collinear design. Simi-
lar timing schemes can also be adopted for other
experimental approaches such as frequency do-
main techniques in a straightforward manner.



2. Phase resolved SFG measure-
ments of electrochemical interfaces
in a liquid cell

In the second application example we turn to
the field of SFG studies of buried interfaces
such as the electrode surface in an electro-
chemical cell. To gain insight into fundamen-
tal electrochemical processes that take place at
the electrode-electrolyte interface those surfaces
have been extensively characterized using ho-
modyne vibrational SFG.333% The typical goal
in these studies is to identify molecular species
at the interface by analyzing their vibrational
resonances in a SFG spectrum. One challenge
in such investigations is the presence of a non-
resonant (with respect to the infrared frequen-
cies) SFG contribution XE\Q/% which arises from
the surface of most metal electrodes''*” and
mixes with the resonant molecular responses
xg) (quite analogous to the background SFG
in the previous example). The effective second
order susceptibility is then given by equation 11

(2)

2
= XNR 7

@) I

(11)
Homodyned SFG techniques directly measure
the spectral intensity of the emitted SFG sig-
nal: the squared modulus of the effective sus-
ceptibility. The obtained spectrum is then the
frequency dependent |y |2,

X

(2)|2

2 2 2 2
PP = IRl + 12+ 2o (12)

Problematic for the analysis of such spectra
is the presence of the interference cross term
| XE\?%X%)‘ which can significantly alter the spec-
tral shape of the resonant features in a ho-
modyned spectrum, depending on the phase
and amplitude of the non-resonant contribu-
tion. X%@ however, exhibits an often un-
known spectral phase and amplitude, which
has been shown to sensitively depend on the
surface potential and surface electronic struc-
ture.?® For potential dependent measurements
it is therefore highly non-trivial to evaluate
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whether observed changes in a measured homo-
dyned SFG spectrum originate from changes in
the resonant response of the interfacial molecu-
lar species caused by e.g. changes in molecular
orientation or structural changes as a result of
electrochemical reactions or from a change in
the non-resonant response. Obtaining a correct
interpretation of the observed spectral changes
is without further knowledge hardly possible.
Applying heterodyned vibrational SFG spec-
troscopy to these systems can overcome this
ambiguity because the quantity Y is directly
measured as in equation 11. This allows for
separately analyzing changes in the two contri-
butions. However, to our knowledge such mea-
surements have so far not been realized.!!
Performing heterodyned SFG spectroscopy on
these buried liquid-solid interfaces is a very sim-
ilar experimental to that shown in figure 4C.
To prevent the evaporation of the solvent such
cells are typically covered by some window ma-
terial (see figure 5A) Since all beams must pass
through the window and the liquid to access
the interface of interest they experience a GVD
similar to the case of introducing the fused sil-
ica plate into the beams. As for the fused silica
case the resulting timing mismatch between LO
and SFG signal can be compensated by tuning
the calcite plate in the detection beam path.
To demonstrate the functionality of our ap-
proach for the investigation of electrochemi-
cal interfaces we present SFG measurements
of a self-assembled monolayer (SAM) of oc-
tadecanethiol (ODT) on a gold mirror. The
sum frequency spectrum of the Au-ODT SAM
in air is dominated in the C-H stretch re-
gion by three distinct resonance peaks from
the terminal methyl groups of the molecular
chain.?® These resonant peaks can be attributed
to the symmetric C-H-stretch vibrations at v &~
2875cm™ and v 2935cm ™! (Fermi reso-
nance) and to the anti-symmetric stretch vi-
bration at v 2962 cm~1.3% Two additional
small peaks usually observed in ODT SAMs at
v ~ 2850cm~! and v ~ 2900 cm ™! are related
to gauche defects in the SAM.3?

To mimic the experimental situation in an elec-
trochemical cell we enclosed the ODT covered
gold surface in a liquid cell (see figure 5A).

~
~

~
~



This cell consists of the sample and a 50 um
thin Teflon spacer covered with a calciumflu-
oride window. The small volume between the
sample and the window is filled with deuterated
acetonitrile.

In a first measurement the sum frequency spec-
trum of the sample is acquired without compen-
sating for the GVD in the CaF 2 window fol-
lowed by the same experiment with the calcite
crystal installed in the detection beam path for
compensation. The resulting magnitude spec-
tra are depicted in figure 5B. The spectrum
obtained with the GVD compensation (black
line) nicely shows the three expected resonance
peaks (appearing as dips) of the ODT SAM on
top of a broad non-resonant background signal
which originates from the Au surface. The spec-
trum obtained without compensation (green
line) in contrast, shows a largely reduced signal
intensity which is only slightly above the noise
level in the spectrum. Interestingly, the rela-
tive phases between resonant and non-resonant
contributions seem here to be inverted. This
result clearly shows that the timing mismatch
between the LLO and the SFG signal leads to
severe spectral distortions and confirms the ne-
cessity of the time delay compensation.

In order to verify if our delay compensation
technique yields an accurate spectrum we also
compare the result to a spectrum of the Au-
ODT sample exposed to air where no compen-
sation is required (see figure 5 C).

The well ordered and dense structure of the
SAM should, for steric reasons, prevent the
molecules from changing their orientation or
structure when in contact with the liquid. We
thus expect that the nonlinear spectral re-
sponses of the ODT monolayer are similar in
both experiments. Figure 5C shows the imagi-
nary (absorptive) part of the second order sus-
ceptibility for the Au-ODT sample which are
extracted from the measurements in the liquid
cell (black line) and in air (red dotted line),
respectively. Comparing the line shapes of
the three resonance peaks from the ODT layer
shows indeed a very close match between the
two spectra. The most prominent differences
appear in the spectrum from the liquid cell in
regions outside the frequency window of the
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Figure 5: Phase resolved SFG measurements
of Au-ODT in a liquid cell acquired under ppp
polarization combination: A) sketch of the ex-
perimental configuration, B) raw magnitude
SFG spectra of Au-ODT under acetonitrile with
(black line) and without GVD compensation
(green line). C) Imaginary parts of x(2) for
Au-ODT under acetonitrile (black line) and in
air (red dotted line, vertically shifted for bet-
ter visibility). The spectra in C) are corrected
for the spectral profile of the IR pulse. Dot-
ted black lines indicate peak positions from the
ODT response.

ODT resonances. They are labeled a and b (on-
set of a negative peak) in figure 5C. Since these
peaks also appear in a control experiment of the



same cell without ODT (not shown in this con-
tribution) they must originate from molecular
species which are introduced with the solvent.
However, deuterated acetonitrile does not show
significant bulk absorption peaks in the mea-
sured region. We therefore, conclude that the
observed peaks stem from the solvent related
formation of interfacial species which interact
with the Au layer. While a more detailed inves-
tigation of the origin of peaks a and b is beyond
the scope of this contributions the comparison
to the Au-ODT spectrum in air indicates that
the phase resolved spectrum measured in the
liquid cell is indeed accurate.

Furthermore, this example shows more gener-
ally how our timing control technique enables us
to extent the capabilities of our collinear spec-
trometer e.g. to SFG studies on electrodes in
electrochemical cells.

Summary

We have presented an experimental method
that allows for precise timing control between
the local oscillator and the nonlinear signal in
collinear spectrometers for second order nonlin-
ear spectroscopy. By exploiting the polarization
dependent group delay in a birefringent crys-
tal in combination with a polarization based
balanced detection scheme this technique yields
continuous tunability of the relative pulse delay
without imposing any particular requirements
on the polarizations of pump pulses or the de-
tected sample signal. The presented solution
for the timing control is very general and can
readily be implemented in most of the common
spectrometer types including time domain and
frequency domain approaches. That way it is
possible to benefit from the superior phase ac-
curacy and a simplified spectrometer alignment
of a collinear design while maintaining full ex-
perimental flexibility.

The applicability of this technique goes beyond
simple measurements of nonlinear spectra in a
collinear spectrometer. As demonstrated in the
result section we can use the ability to con-
trol the pulse delay to freely modify the pulse
sequences in different places inside the spec-
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trometer. We have shown that this can be
used to either isolate or suppress the nonlin-
ear background contributions which originate
from the beam steering optics inside the opti-
cal setup. Our results indicate that such back-
ground signals can indeed have a significant size
in collinear setups which potentially results in
falsified nonlinear sample spectra. The pre-
sented suppression method is therefore an es-
sential ingredient to ensure high accuracy in the
nonlinear spectra obtained with a collinear ap-
proach.

Furthermore we have demonstrated how the
technique extends the capabilities of our time
domain SFG spectrometer to measure phase re-
solved spectra of buried interfaces which are en-
closed in a liquid cell. These types of measure-
ments will be further pursued to investigate the
fundamental processes at electrochemical inter-
faces.
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