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ABSTRACT: The unique physical and chemical properties of interfaces are
governed by a finite depth that describes the transition from the topmost atomic
layer to the properties of the bulk material. Thus, understanding the physical nature
of interfaces requires detailed insight into the different structures, chemical
compositions, and physical processes that form this interfacial region. Such insight
has traditionally been difficult to obtain from experiments, as it requires a
combination of structural and chemical sensitivity with spatial depth resolution on
the nanometer scale. In this contribution, we present a vibrational spectroscopic
approach that can overcome these limitations. By combining phase-sensitive sum and
difference frequency-generation (SFG and DFG, respectively) spectroscopy and by
selectively determining different nonlinear interaction pathways, we can extract
precise depth information and correlate these to specific vibrationally resonant
modes of interfacial species. We detail the mathematical framework behind this approach and demonstrate the performance of this
technique in two sets of experiments on selected model samples. An analysis of the results shows an almost perfect match between
experiment and theory, confirming the practicability of the proposed concept under realistic experimental conditions. Furthermore,
in measurements with self-assembled monolayers of different chain lengths, we analyze the spatial accuracy of the technique and find
that the precision can even reach the sub-nanometer regime. We also discuss the implications and the information content of such
depth-sensitive measurements and show that the concept is very general and goes beyond the analysis of the depth profiles. The
presented SEG/DFG technique offers new perspectives for spectroscopic investigations of interfaces in various material systems by
providing access to fundamental observables that have so far been inaccessible by experiments. Here, we set the theoretical and
experimental basis for such future investigations.
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B INTRODUCTION One reason for the difficulty to experimentally unravel the
full picture of the physics of interfaces is related to the fact that
the interface in various systems cannot be represented by a
simple two-dimensional interfacial plane.”>~"” The presence of
an interface may rather impact the physical and chemical
properties in the adjoining materials over many molecular/
atomic layers forming a three-dimensional interfacial region.
Taking as example liquid interfaces, the spatial extension of the
interfacial region can involve various effects, such as
preferential molecular orientations that translate into the
bulk phases, depth-dependent chemical compositions, electric
fields that are generated by surface potentials, modified
intermolecular interactions or more general, depth-dependent
structural motifs and molecular dynamics.'®° All these effects

Interfaces between different materials are omnipresent in
nature, and their unique physical and chemical properties
enable a variety of processes that exclusively happen at these
exceptional and spatially delimited places in matter. Such
interfacial processes often include molecular species that play a
key role in numerous fields; for example, they are the bases of
many fundamental functions in biology' ™" and govern a
significant portion of atmospheric (e.g., aerosol) chemistry.”~’
Besides their importance in nature, the special properties of
molecular interfaces are also exploited in various scientific
fields and important industrial applications such as electro-
chemistry®~"° (e?., for energy stora%e solutions), heteroge-
neous catalysis, "> colloid science,'”'* etc. Triggered by this
outstanding role of interfaces, the scientific community has
seen an ever-increasing interest to obtain a detailed under-
standing of their complex physical nature. However, despite
decades of intensive research, our microscopic (molecular-
level) understanding of the fundamental properties of many
interfacial systems is still rather limited and largely based on
results from theory.
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contribute to the physics of the interface and participate in
interfacial processes. Therefore, in order to attain a true
understanding of the fundamental physics of such interfaces it
is not sufficient to experimentally characterize only the
topmost molecular/atomic layer, but an experimental probe
is needed that can address these interfacial depth profiles, with
combined structural and chemical sensitivity and spatial
resolution perpendicular to the phase boundary.

Experimental investigations of interfaces have been
performed using various surface-sensitive techniques using X-
rays, electrons, or light as a probe. Examples include X-ray-
based techniques, like X-ray photoelectron spectroscopy
(XPS),”" X-ray scattering and diffraction,” and extended X-
ray absorption fine structure (EXAFS),” electron-beam-based
techniques, such as low energy electron diffraction (LEED)**
or Auger-electron spectroscopy (AES),””*° but also coherent
optical techniques such as second harmonic generation (SHG)
or sum frequency generation (SFG) spectroscopy.”’ > All
these methods are well-established and powerful analytical
tools for the characterization of interfaces; however, for the
investigation of molecular interfaces vibrational SFG spectros-
copy has proven particularly useful. The prominent role of
SFG in such studies is based on its sensitivity to molecular
vibrations, which allows one to identify interfacial molecular
species and analyze intermolecular structures and interactions.

Overall, with all the methods shown above, a large toolbox
of complementary experimental techniques is available
allowing for a very profound characterization of interfaces.
However, performing such studies with the desired depth
resolution in a nondestructive manner has been proven to be a
difficult experimental task and has been a longstanding
challenge in interface science.

Conceptually, all these techniques probe a specific volume
around the phase boundary that is defined by some, more or
less known, material constants, for example, for XPS by the
electron mean free path length inside the sample. To
decompose the detected signals into the different contributions
from the various depths, additional experimental information is
needed. Over the last decades several technical advancements
have been developed that can yield precise spatial depth
resolution. The required additional information is thereby
obtained, for example, bzr angular resolved measurements (e.g.,
angle-resolved XPS),””" by an analysis of spatial and/or
spectral interference patterns (e.g., grazing incidence XRD),*
or by the use of an additional interferometric stimulus with
high spatial specificity as in X-ray standing-wave techni-
ques.”” *® These technical developments represent major
experimental achievements for interfacial studies because
they yield the desired access to the interfacial depth profiles.
Such studies have provided important new insights into the
physics of interfacial regions of various materials, but for the
investigation of molecular interfaces it would be highly
desirable to perform similar depth-resolved studies with a
vibrational (SFG) probe. However, such an advanced SFG
technique has so far not been available.

In this publication we present a novel spectroscopic
approach that adds spatial depth resolution, on the nanometer
scale, to vibrationally resonant nonlinear spectra from the
interfacial region. It is based on a combination of phase-
sensitive sum and difference generation spectroscopies (SFG
and DFG, respectively) and allows us to correlate obtained
depth profiles to specific molecular species and their
intermolecular structures by probing their characteristic

nonlinear vibrational spectra. In the following two sections
we present the concept of this technique along with the
underlying mathematical framework. In the result part we show
measurements on several selected model samples that
demonstrate the experimental applicability of the presented
method, followed by a detailed experimental analysis of its
spatial accuracy. Finally, we discuss the information content
and the limitations of such depth-resolved experiments. This
work sets the basis for accurately performing depth-resolved
molecular spectroscopic studies on relevant (e.g, liquid)
interfaces and opens the perspective of obtaining a better
understanding of the fundamental physics governing such
systems.

Sum Frequency Generation Spectroscopy. Vibrational
second-order spectroscopic methods such as SFG and
DFG>™* are based on the effect of nonlinear frequency
mixing in a sample. By overlapping two intense laser beams,
one in the infrared (E*) and the other typically in the visible
frequency range (E"), a nonlinear polarization is induced in the
sample, which gives rise to the emission of signals at the sum
and difference frequency (ES), which can be detected and
analyzed. The involved frequencies are usually chosen such
that the visible up-conversion beam is far from any resonance,
while the infrared beam excites specific vibrations of interest in
the sample. The frequency-mixing process can be described by
the following eq 1.

EY (@) ~ 72(0f = 0" + o) E°(0")-E* (") (1)

The quantity that connects the three fields and, in particular,
their frequencies @ is the effective second-order susceptibility
72, which contains the desired spectroscopic information and
which is the key quantity that is typically determined in phase-
sensitive nonlinear experiments.“'_49 A measurement from a
sample of interest is thereby normalized to a second
measurement of a reference sample with a known suscepti-
bility.*>*" 42 is, in general, a complex quantity, and its
spectrum reports on vibrational resonances and the orientation
of the corresponding functional groups, forming peaks or dips
in the spectra.”> ™’

One important advantage of this spectroscopy, when
compared to other mentioned techniques, arises from the
fact that y@) is sensitive to symmetry. In sample regions
possessing centro-symmetry, 2% is zero under the electric
dipole approximation, and consequently no signal is generated.
This is true, for example, for the bulk in most materials. In the
entire (extended) interfacial region, however, the centro-
symmetry is necessarily broken, and second-order signals can
be generated because all the interfacial effects described earlier
have a clear directionality toward the phase boundary. Hence,
second-order spectroscopies naturally probe the entire region
of interest and therefore fulfill an essential requirement for the
intended investigations.

Apart from this specificity to the interfacial region, another
crucial aspect of these techniques is that the resulting signals
also contain information on their spatial origin along the
surface normal.** As illustrated in Figure 1, a nonlinear signal
generated in some depth below the phase boundary (P;)
acquires a phase shift compared to a signal generated at the
phase boundary (P,), due to the involved different optical path
lengths.”®*” In the given example the resulting phase shift ¢ (z)
amounts to

¢(z) = Ak, z (2)
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Figure 1. Optical pathways for nonlinear radiation sources P, and P,
with different depth coordinates.

where Ak, is the z-component of the wave vector mismatch

between the incident (k, and k) and the generated light waves
kc-43

Ak, = k* + k> — kS ()

This phase shift obviously modifies the shape of the resulting
nonlinear spectra. We can account for this effect by defining a
local susceptibility 72 that describes the intrinsic nonlinear
response of the sample in a plane located at the depth z.
Including the propagation-induced phase shift ¢(z) we obtain
for the measured effective susceptibility the following
expression

Xe(é) = )(lf,zc)-ei‘ﬁ(z) = %‘()25)|_ei(¢,1+r/)(1)) ()
where ¢y is the intrinsic phase of the local susceptibility.

eqs 2 and 4 are accurate for samples with a spatially well-
defined signal source that is located at some position z. To
describe the more general case of a sample with an extended
interfacial region, the equations must be slightly modified. In
such systems the contribution to a nonlinear signal generated
from a particular species of interest will typically follow some
distribution in z that decays to zero toward the bulk. The
overall signal will then be composed of the sum of these
contributions. Mathematically this means that we need to
integrate all the individual contributions in z to calculate the
effective susceptibility. As a result of such an integration we
also obtain a propagation-induced (effective) phase shift ¢(z")
only that now it reports on the length-scale on which the
contribution decays (z’) rather than on a well-defined z-
coordinate. Furthermore, in this case the summation also
influences the amplitude of the overall response. This can be
accounted for by including the amplitude scaling factor C(z’).
Therefore, we can express the effective susceptibility for this
general case with the following equation.

)(e(é) - %E)i)|,c(z’),ei(¢k+¢(2/)) (s)

The exact expressions for ¢(z’) and C(z’) depend on the
functional form of the signal decay toward the bulk. In many
cases, however, it will be a good approximation to assume an
exponential decay with the decay constant z’. The integration

then yields for the propagation induced phase shift***’

¢(z') = arctan(Ak,z") (6)
and for the scaling factor C(z")

C) = (/=) + (Ak)) ?)

Note that the scaling factor is always real, implying that it
does not contribute to the phase of the overall response. From
this theoretical description of the nonlinear sample response,
we see that the desired depth information is indeed encoded in
the measured spectra or more precisely in the value of ¢(z).
On the basis of the equations shown above we can extract this
information in a straightforward manner from the propagation-
induced phase shift. Furthermore, with typical values for Ak, in
the order of 1/50 nm the expected phase shift in ¢(z) amounts
to ~1 °ree per nanometer in depth. Since a phase accuracy on
the order of 1° can be achieved using state-of-the-art nonlinear
spectrometers,””***”°" it should, in principle, be possible to
obtain a depth resolution on the single-digit nanometer scale.

The main challenge to obtain the desired depth information
from the nonlinear spectra is, however, the precise
determination of ¢(z). With phase-sensitive SFG spectroscog)y
we can determine with high accuracy the spectral phase of 72
but in order to determine ¢)(z) we need to precisely know the
intrinsic phase ¢y of the local susceptibility 22 (see egs 4 and
5). The latter is known in the case of fully off-resonant studies,
where {2 becomes entirely real with a phase ¢ of 0 or 180°.
As previously demonstrated®”®>*® such experiments can
indeed yield information about the depth profile. However,
with off-resonant studies we do not obtain any spectral
information in the interfacial region that we could correlate
with the depth information. In contrast, when probing
characteristic vibrational resonances, we can identify and
distinguish different structures or species of interest in the
interfacial region, but at the cost that ¢ now becomes highly
dependent on the infrared frequency. Without prior knowledge
of the exact locations and line shapes of the involved resonant
modes (which is typically not available) it is impossible to
predict the spectral shape of ¢. Using traditional phase-
sensitive SFG spectroscopy the desired quantity ¢(z) therefore
remains buried in the measured data without a realistic chance
to extract it. As shown in the following this challenge can be
overcome by simultaneously measuring phase-sensitive SFG
and DFG spectra.

Combined SFG/DFG Spectroscopy. To understand this
concept, we need to analyze the different nonlinear interaction
pathways that compose the overall SFG and DFG responses in
a nonlinear experiment. ¥ connects all involved frequencies
@, ®°, and @F, and since these frequencies must obey the
frequency relation @ = @* + " only two of these parameters
can be freely chosen. These two free parameters (for
convenience we use here @ and ®®) span a two-dimensional
surface in frequency space (see Figure 2). The frequencies can
thereby take positive and negative values forming four
quadrants (A—D). With the incident laser beams E(w}) and
E(®5) we obtain responses in all four quadrants, two
representing the SFG response and its complex conjugate
(red shaded areas) and the other two the DFG response and
its complex conjugate (blue shaded areas). The lower indices
(1, 2, 3, and 4) thereby signify different frequency values, and
the upper indices (a, b, and c) mark the frequency axes
corresponding to the respective interacting field. If the SFG
and DFG signals are both measured with phase resolution, all
four pathways are individually obtained, but due to their
mutual relation only two (one SFG and one DFG pathway)
carry nontrivial spectroscopic information. In the following we
will concentrate on the two pathways A and B, which
correspond to yP(wlws) and y@(wi—wS), respectively.

https://doi.org/10.1021/acs.jpcc.2c01324
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A0 pathways A and B in Figure 2 are k"(w;) = k'(w,) + k'(w,)
ey —
D) X(Z) s . X(Z) L A) and — k(o) = K'(w,) — k°(w,), respectively. Considering
eff (—o,04) eff (or,03) reflection geometry, we obtain for the corresponding wave-
L T O vector mismatches
3T
,,,,,,, Ly,
................................................... Lo, AKSTE = Ik (@) + kP (0,)! + kS(w3)l > 0 (10)
. DFG SFG and
-® o)
= : = AKPTS = (@) = K2 (@,)] = (@)l < 0 (11)
SFG DFEG We see that AKSFC¢ and AKPYC differ in their absolute values,
e T e but more importantly they have opposite signs. While the
_____ 4-—0)2 deviating magnitudes lead to different values for the scaling
P o F—0, factors C(z’), the sign flip directly translates into opposite signs
in the propagation phases ¢(z') for the SFG and DFG
@ @ athways (see eq 6). If we implement these properties of y{2
Xff(_a_c) Xff(a_c) p % q p prop
C) etttmenmes eittor.—0)  B) and ¢)(z’) for the SFG and DFG pathways into eqs 8 and 9, we

Figure 2. Two-dimensional representation of 272 as a function of the
frequencies of the infrared (@) and the nonlinear signal (). The
nonlinear interaction gives rise to SFG (red shaded area) and DFG
(blue shaded area) signals. Frequency axis of infrared beam ®* with
the center frequency +w); frequency axis of nonlinear signal ®°
(different scaling) with the center frequencies +@; (SFG) and +w,
(DFG).

Implementing these frequency arguments into eq S we obtain
the following expressions.

FG
A (@f, 09) = 7205 = 0 + 0))-CT() T
(®)

(2)

Kot (wl ) (1):) = Xloc)(_w“'

— wa _ a)z) CDFG(Z) (i C(2/)) (9)

In order to compare these two responses, we need to analyze
how the change in the frequency arguments affects the
resulting effective susceptibility.

In a first step we analyze the two local susceptibilities {2 (w$
= 0 + ob) and y (- —0%= @} — o). Comparing the two
frequency arguments, we see that the vibrational frequencies
®, appear in both expressions with the same sign. This
intuitively suggests that the presence of a vibrational resonance
affects phases and amplitudes of the two local susceptibilities in
the same way. Furthermore, if the other involved (visible)
frequencies (®,, ®;, and @,) are tuned to be far off-resonance
with any transition in the investigated sample, the local
susceptibilities should be fairly independent of their exact
values and, in particular, their signs. From these rationalizing
arguments we can conclude that the two local susceptibilities
shown above should be equal. In fact, the equality of the two
quantities under the conditions mentioned above can
mathematically be derived from general symmetry consid-
erations of the susceptibility tensors (see the Supporting
Informaton). This finding implies that also the intrinsic phases
¢r are equal for the selected SFG and DFG pathways as long
as the involved (visible) frequencies are far off-resonance.

We now turn to the remaining factors (C(z’) and ¢(z’)) in
the expressions of the effective susceptibilities in eqs 8 and 9,
and here the situation is different. These factors depend on the
wavevector mismatch Ak,. The phase-matching conditions for

obtain the following expressions for the effective susceptibil-
ities.

SEG,
e(é) (a)lr 0)3) — %(2)| CSFG( ) i(¢pg +arctan(1Ak; "l-z/)) (12)

(2)

s (wl , —0)4) — %(2)| CDFG(Z) et(¢R—arctan(|AkDFG| -z1))

(13)
eqs 12 and 13 show that the phase of the resonant local
susceptibility ¢z enters both equations with the same sign,
whereas the propagation phase ¢(z’) shows a sign flip. This
property makes ¢y and ¢(z’) now separable. We can precisely
determine the propagation phase ¢(z’), for example, by simply
extracting the phase difference between the measured SFG and
DEG spectra because ¢y cancels out in this expression. That
way we get direct access to the desired depth parameter z’
independent from the shape of the vibrational spectrum of the
surface layer. Furthermore, with such measurements we also
obtain this vibrational information as it is present in the
resulting SFG and DFG spectra. Overall, this section shows
theoretically that the proper combination of phase-sensitive
SFG and DFG spectroscopy allows us to simultaneously
obtain, indeed, both spectral and spatial information from an
interface and to correlate them. Note, the comparison of the
two selected pathways (SFG and DFG) presented above is
performed using (as example) the equations that describe the
case of spatially extended contributions with an exponential
signal decay in z. For the case of a spatially well-defined signal
source (eq 4) the derivation is similar and yields the same
qualitative results.

B EXPERIMENTAL SECTION

With this theoretical description of the presented concept in
hand we now focus on its experimental realization. Performing
such depth-resolved experiments is far from trivial, since it
requires the measurement of phase-sensitive SFG and DFG
spectra with very high accuracy. However, the nonlinear signals
generated in interfacial regions are typically very weak, and the
phases and spectra of the involved laser pulses tend to drift
with time. Furthermore, to extract the )(eff) from a measured
spectrum we need an equally Frease reference measurement
using a sample with known yg 2) that is measured under the
exact same experimental conditions.””** To tackle these
challenges we use, for the studies presented here, a newly
developed spectrometer that allows us to simultaneously

https://doi.org/10.1021/acs.jpcc.2c01324
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Figure 3. (A) SEG/DFG measurement of a self-assembled monolayer of OTS on fused silica and (B) SFG/DFG measurement of a z-cut a-quartz
crystal. The measurement is taken with a PPP polarization scheme (all interacting fields are p-polarized with respect to the surface) and an angle of
incidence of 70°. The wavelength of the up-conversion pulse is 690 nm. All amplitudes are normalized to the amplitude of the SFG response from

z-cut quartz.

measure phase-sensitive SFG and DFG spectra. The data
acquisition is based on a broadband time-domain approach
using a unique, homemade nonlinear interferometer, which has
been described in detail elsewhere.”” The interferometer
generates a single output beam that is sent to the sample
area. It contains sequences of infrared, visible up-conversion,
and local oscillator pulses (SFG and DFG) with tunable time
delays. It is operated by two input laser beams (broadband
infrared and broadband visible) generated from two
commercial OPAs that are pumped by a commercial Ti:Sa
amplified laser system (35 fs pulses at 800 nm and a repetition
rate of 1 kHz).

The entire spectroscopic setup employs a fully collinear
beam geometry and is equipped with a shot-to-shot referencing
capability. Using a vibrating mirror behind the interferometer
that oscillates at half the laser repetition rate we alternately
measure the nonlinear responses of the sample and a reference
crystal. This allows for efficient cancellation of drifts in phase
and spectral shape.”” The nonlinear signals (SFG and DFG)
that are generated by the sample/reference interfere with the
corresponding reflected local oscillator pulses get separated by
a dichroic mirror and are independently detected by two pairs
of commercial avalanche photodiodes in a balanced detection
scheme.”” The interferometric data are obtained by modifying
the time delays in the pulse sequences using a fast-scanning
approach, quite similar to the technique applied in regular
Fourier transform infrared (FTIR) spectrometers. Analogously
to this linear counterpart, the final spectra are then obtained by
a Fourier transformation of the resulting interferograms and
correction for the reference data. However, instead of one
linear vibrational spectrum (as in FTIR) we obtain with our
spectrometer for each scan four nonlinear spectra, that is, SFG
and DFG for both sample and reference.

As described above the local oscillator pulses are created first
and are reflected from the sample together with the generated
nonlinear signals. This approach has two important advan-
tages: First, that way fluctuations between the local oscillator

10822

and signal phases induced by vibrating or drifting sample
surfaces (e.g., in the case of liquid samples) are reduced and
second, this beam geometry yields a natural spatial reference
point (z = 0) for depth-resolved measurements, which is
defined by the plane of (linear) reflection of the local oscillator
pulses. More details about the experimental setup can be found
in refs 57 and 64.

B RESULTS AND DISCUSSION

Proof of Principle Measurements. The presented
theoretical concept for depth-resolved interfacial studies is
based on two crucial cornerstones: (i) the local susceptibilities
are equal for the SFG and DFG pathways even in the presence
of vibrationally resonant transitions in the sample (as long as
all other light—matter interactions with the sample are purely
nonresonant) and (ii) signals that originate from some depth
with respect to the surface cause phase shifts with opposite
directions in the measured effective susceptibilities for the SFG
and DFG pathways. In other words, when the origin of the
nonlinear signal is located at z = 0 we should always observe
equal SFG and DFG spectra, whereas for signals with z # 0 the
spectra should deviate. Although already shown theoretically,
we will verify the validity of these fundamental aspects of the
SFG/DFG concept experimentally using two well-defined
model systems. In a first step we derive the mathematical form
of the expected SFG/DFG responses for the two samples, and
subsequently we compare the predictions to actual measure-
ments.

The first test sample is a fused silica (FS) substrate that is
functionalized with an octadecyltrichlorosilane (OTS) self-
assembled monolayer (SAM). Such SAMs have been
extensively studied using SEG spectroscopy”™ ™" and yield
relatively strong resonance peaks in the frequency range of the
C—H stretching vibration (2800—3000 cm™'). Neither the
molecular monolayer nor the substrate possess any resonant
electronic transitions in the visible range. This makes the
sample a suitable model system to test relation (i).
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There are two distinct contributions to the nonlinear signals.
One is the resonant contribution of the molecular monolayer,
and the other is the nonresonant contribution from the SAM-
FS interface (see Figure 3A). Because of the close match of the
refractive indices of the organic monolayer and the FS
substrate (both with values of ~1.46""7%) the local oscillator
is almost entirely reflected at the topmost interface (SAM/air).
Therefore, this interface defines our reference plane (z = 0)
within our depth-resolved measurements. Because of the
symmetry selection rules of the second-order process, the
resonant nonlinear response of the SAM originates almost
exclusively from the terminal methyl groups”™’* forming a
spatially well-defined signal source at z; = 0 ()(1(3211; see Figure
3A). The comparatively weak nonresonant signal from the
internal interface is spatially also well-defined but located at z =
z, ()(l(fc),NR in Figure 3A). The overall measured effective
susceptibility )(&25 is simply the sum of the individual
contributions. Including the corresponding phase propagation
factors to account for the different depths we obtain for the
SFG and DFG responses of our sample the following
expressions.

iIAKSES|
)(e(f?)(wla) wy) = Xlgzc?R + Xlgzc?NR'el - (14)
Q) .a o _ . (2) ©) —ilAKPF)
)(eff (wl’ —0)4) - xloc,R + )(loc,NR.e . (15)

The resonant susceptibility ;{fozgk is a complex quantity. Its
imaginary part describes the absorptive line shape of the
vibrationally resonant transitions, whereas the real part consists
of the corresponding dispersive line shape. According to (i)
this resonant signal should equally contribute to the effective
(measured) susceptibilities of the SFG and DFG pathways. In
contrast, the nonresonant contribution ;(fongR is entirely real,
independent of frequency, and should therefore form a straight
line (offset) in the spectra. eqs 14 and 15 show that this signal
should appear with slight phase shifts in the SEFG/DFG spectra,
leading to some leakage of the offset into the imaginary parts of
the effective susceptibilities. However, because of the small
thickness of the monolayer these phase shifts are very small.
){l(ozc),NR should therefore almost exclusively appear in the real
part of the measured spectra with equal amplitudes for the
SFG and DEG pathways.

The result of the SFG/DFG measurement of this sample is
depicted in Figure 3A in the lower panel. All measurements in
this publication are taken under PPP polarization conditions,
which means that all interacting fields are p-polarized with
respect to the sample surface. The imaginary and real parts of
the spectra show the expected resonant contribution of the
SAM (absorptive and dispersive line shapes, respectively),
which is dominated by the asymmetric C—H stretch vibration
of the terminal CH; group located at 2967 cm™". Furthermore,
we can also observe the presence of the nonresonant
contribution that causes the offset in the real parts of the
measured susceptibilities (indicated by the light blue dotted
line). Comparing SFG and DFG spectra (red and blue lines,
respectively) we see that they indeed almost perfectly overlap
as predicted by our theoretical concept. This good match
includes the resonant line shapes and amplitudes in the real
and imaginary parts as well as the nonresonant contribution.
These experimental results therefore confirm the accuracy of
relation (i).

We now turn to the experimental verification of the second
fundamental aspect of the theoretical concept (cornerstone

(ii)) and, hence, the effect of depth contributions onto the
measured SFG and DFG spectra. For this purpose, we perform
SFG/DFG measurements with a second sample, a z-cut
quartz crystal. Alpha 3uartz shows a purely off-resonant
nonlinear response,””>"”> and consequently its local suscept-
ibility is real and forms a flat spectrum. However, because of its
non-centrosymmetric crystal structure, nonlinear signals are
generated in the entire bulk, which means that the majority of
the nonlinear response originates from regions well-below the
surface. If assumption (ii) is accurate, the measurement of this
sample should yield clearly different SFG and DFG spectra,
and we should observe depth-induced phase shifts with
opposite sign in the two pathways.

On the basis of symmetry arguments’> the overall nonlinear
response of the sample can be divided into two distinct signal
contributions, namely, one localized response that originates
from the crystal surface (y{2yp, Figure 3B) and a second
contribution, which corresponds to the bulk response (Zl(ozc),NR,B)
Figure 3B). The surface response is equivalent to the
nonresonant response of the fused silica substrate; however,
in this case it is located at z; = 0. To obtain the mathematical
description of the bulk response the signal contributions from
the bulk must be integrated in z, which can be done by setting
Z' — o0 in eqs 6 and 7. The resulting effective susceptibilities
for the SFG and DFG pathways then read as follows.

()

A o
@ (s 5y = @ oo NRB (%)
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We see that our mathematical framework indeed predicts
deviations in the SFG and DFG spectra induced by the
extended contribution from the depth. The integration of the
bulk contribution in z causes the bulk response to appear
phase-shifted by 90° (SFG) and —90° (DFG) in the effective
susceptibilities, and consequently we should find the entire
bulk signal in the imaginary parts of the measured spectra but
with opposite signs. Moreover, the amplitudes of the bulk
response should scale with the inverse of the corresponding
wavevector mismatches. The calculation of the respective
values for |Ak,| yields an expected amplitude ratio between the
bulk contributions in the SFG and DFG spectra of 1/1.5 (see
the Supporting Information). The surface contribution,
however, can be expected to be much weaker and should
appear in the real parts with equal sign and amplitude.

The results of the corresponding SFG/DFG measurement
are shown in the lower panel of Figure 3B. In full agreement
with our prediction, we see that nearly the entire nonlinear
signal appears in the imaginary parts of the effective
susceptibilities with the expected sign flip between the SFG
and DFG spectra. Also, the amplitude ratio between the SFG
and DFG responses precisely matches the predicted value of 1/
1.5. Solely the comparatively small signature of the surface
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contribution )(fngR‘I in the real parts of the spectra cannot be
observed in this measurement (the real parts are essentially
zero), although it definitively contributes to the overall
response, as we will show later. Nevertheless, the main
outcome of this comparison between theory and measurement
is that the measured properties of the bulk signal precisely
follow the theoretical prediction. Consequently, we can
conclude that also the second cornerstone (ii) of our concept
is experimentally validated.

B DISCUSSION

So far, we have shown with the two experiments above that the
key aspects of our presented mathematical framework are
correct. We can now use the measurement of the z-cut quartz
crystal to demonstrate how we can deduce important
information about the spatial origin of the nonlinear signal
from such SFG/DFG experiments. The observation that the
SFG and DFG spectra deviate in phase directly shows that the
measured signal cannot (exclusively) originate from the
interface but that it must contain contributions that are
generated below the surface. Furthermore, from the different
absolute values of the amplitudes in the SFG and DFG spectra
we learn that the signal source is not a localized response from
some specific depth but rather a spatially expanded, integrated
response (dependency of the amplitude on Ak,). Finally, if we
determine the phase difference between the SFG and DFG
responses to extract the depth parameter z’ we obtain ~180°,
which corresponds to the value of 2’ = co0. This shows that the
response originates from the entire bulk of the crystal.

We see that, even in this quite trivial example of the quartz
crystal, we may obtain a very rich and precise physical picture
of the nonlinear sample properties using the SFG/DFG
method. However, to establish the proposed concept for use in
real experimental studies of samples with unknown depth
profiles we need to verify how reliably and accurately we can
determine specific z-values in a sample. This analysis of the
depth accuracy of the presented method will be performed in
two steps. We first discuss some general aspects of the depth
resolution in such experiments and identify different effects
that can have an impact on the accuracy of the obtained depth
values. This discussion is very essential because it demonstrates
the opportunities but also the limitations of the proposed
SFG/DFG method. In a second step we analyze the accuracy
of the method experimentally with a set of measurements on
selected model samples.

Accuracy of the SFG/DFG Method. If we want to
evaluate the depth precision of the proposed SFG/DFG
method, we need to distinguish several sources of inaccuracies
in the experimentally obtained values. The first potential
uncertainty is the exact location of our reference plane (z = 0).
The obtained z-values in all our experiments are relative
quantities that signify the distances between the origin of a
nonlinear signal and a reference plane. By its conception this
reference plane is in our technique defined by the plane of
linear reflection of the local oscillators. Its location and thus
the position z = 0 is obviously dictated by the evolution of the
refractive index in z across the interface. In many cases (e.g,, at
the interface between a flat solid substrate and air) this plane
approximately coincides with the phase boundary,” a position
that we would also have intuitively chosen to describe such an
interfacial system. However, it is not difficult to imagine
situations where this is not accurate. Examples are multilayered
systems, rough surfaces, or systems where the phase boundary

is spatially “smeared out” to some extent (e.g., in liquids). In all
these cases we will obtain an effective reference plane with a
position that might deviate from the location of the very top
phase boundary. An accurate interpretation of the obtained
data must then account for such effects.

Another uncertainty about the z = 0 position can originate
from experimental errors. As mentioned earlier, a phase-
sensitive SFG/DFG experiment always consists of two
measurements, namely, the measurement of the sample of
interest and the measurement of an adequate reference sample
with known nonlinear properties. Any phase errors in this
referencing step will lead to phase errors in the obtained SFG
and DFG spectra, which can ultimately result in erroneous
shifts in the z = 0 position. The achievable accuracy of the
reference phases for the SFG and DFG responses depends on
many experimental factors and can vary for different
experimental settings. As shown in the next section, typical
values for the phase inaccuracies are on the order of +3°,
which corresponds to an uncertainty of the zero position of ca.
+1.3 nm. Note, however, that both effects described above
only lead to uncertainties in the absolute location of z = 0 but
not on the relative distance Az between the origins of two
different nonlinear signals. However, this is also limited as
shown in the following.

Besides the general limitation of the achievable phase
accuracy by the signal-to-noise ratio in the sample spectra there
is another important effect that appears when multiple signal
contributions from different depths are present. In the
theoretical concept described in section III we considered
only one single signal contribution, which originates from a
specific depth (or depth profile), and we have shown that the
determination of the signal origin in z can in these cases be
done by simply extracting the phase difference between the
obtained SFG and DFG spectra. If multiple signal contribu-
tions are simultaneously present, as it will be the case in most
sample systems of interest, the respective complex susceptibil-
ities ¥ simply add in the measured effective susceptibility.
However, this does not apply to the corresponding phases ¢,
(see eqs 18 and 19).

U(e(é)|,ei(4gff) — Z U(n(l)|,ei(ﬂ2,)
n (18)

by =atan 2| Y Pl sin(g), Y 1z cos(ey) )
- » 19

The obtained overall phase difference between the SFG and
the DFG pathway is then a nontrivial function of the phases
and amplitudes of all individual contributions. This property
can make the accurate determination of the depth parameter z
of a particular signal quite challenging and typically requires a
precise decomposition of the overall spectra. The quality of
this signal decomposition is therefore an important parameter
that highly impacts the depth accuracy of the presented
method.

The simplest way to isolate a particular signal is based on its
spectrum. If the different signal contributions (e.g., resonance
peaks) are spectrally well-separated such that each signal
clearly dominates a particular spectral region the depth analysis
is relatively straightforward. One can then determine the
different depth parameters in good approximation by
extracting the obtained phase differences in the respective
frequency ranges. However, in cases where signals that

https://doi.org/10.1021/acs.jpcc.2c01324
J. Phys. Chem. C 2022, 126, 10818—10832


pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c01324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

— et (0}, 05) (SFG)

The Journal of Physical Chemistry C pubs.acs.org/JPCC

“A) B) overall spectra
: 1.0

- contributions to x‘j} imag V

3-fold |sotrop|c = e [

o} i B 10

i static : S0 N/
::>- \ﬁ -2.0

>
oo QUL
o vert i 5|8
88 Tl
83 -
Eol I
28K Pt
‘R 0 FFT&columns
: amp.
oA

azimuthal
frequency n
3

6 L

FET rowsé

— Xiﬁ)(@l »—05) (DFG)

1 real
PPP

isotropic components

| imag

— 18 (0},05) (SFG)
| — 12 (01,-05) (OFG)

PPP
3-fold component
imag
=
%
i 1.01
0.0 real
-1.01 PPP

2700 2800 2900 3000 3100
infrared frequency ®® [cm™]

Figure 4. (A) Sketch showing the different signal contributions for the quartz-SAM sample; (B) static SFG/DFG measurement of the sample. The
alpha-quartz crystal is oriented such that the bulk response is maximized; (C) decomposition of the contributions by symmetry (the corresponding
DFG data are not shown). (upper panel) Time domain raw data of SFG/DFG measurements as a function of the azimuthal angle with vertical and
horizontal slices through the 2D data matrix. (lower panel) Separation of the components with different azimuthal frequency by Fourier
transformation along the vertical axis. For better visibility the threefold component is divided by the factor 6 to approximately match the amplitude
of the isotropic component. (D) Decomposed SFG/DFG spectra obtained by Fourier transformation along the horizontal axis.

originate from different depths spectrally overlap, the situation
becomes more difficult, and the application of an alternative
and reliable way is required to either correctly decompose such
spectra or to accurately determine the depth parameter of a
specific signal in the presence of other contributions. As we will
show in the next section, there are suitable analysis tools for
both approaches that can be applied under certain circum-
stances.

Experimental Investigation of the Accuracy. With the
discussion above we have shown that the achievable depth
precision of the SEFG/DFG method will highly depend on the
experimental details of a particular measurement. In paralle],
we saw that it depends on certain properties of the sample
itself. Nevertheless, in this section we will demonstrate how far
we can push the depth accuracy under realistic but beneficial
experimental conditions.

For this purpose, we use a third sample type, where we
functionalize a z-cut a quartz crystal with an OTS-SAM (see
Figure 4A). The expected SFG/DEFG response of this quartz-
OTS sample is given by the following equations.

1A 1.SFG
ilAk; 1z,

){e(é) (o}, a);) -, (2)

){loc, ){loc,NR I e
(2)
)(loc,NR,B z(” +|AkSFC|Z2)
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IAKTC] (20)
(z) _ @ ) —ilAKPFG|
(0)1 )y~ a)4) Hoc,R + HAocNR,1"€ , .
){(2)
ZooNRB | —i(Z+1AK lz,)
DFG €
|AKDEC (21)

We see that the overall nonlinear responses now consist of
three contributions, namely, the resonant contribution of the
molecular monolayer 72 the nonresonant response from the
OTS-quartz 1nterface XlchRp and the bulk response of the
quartz crystal )(IOCNRB In a first step we measure the static
SEG/DEG spectra. The result of the measurement is shown in
Figure 4B. As expected, we can clearly observe the presence of
the two dominating contributions—the resonant spectroscopic
signatures of the molecular monolayer and the bulk response
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of the quartz crystal. These two signals have a comparable
amplitude but originate from different depths within the
sample. The origin of the resonant signal is spatially well-
defined (z,), while the bulk response of the quartz stems from
the entire crystal. Because of this nonlocal nature, it is not
possible to define a clear spatial origin for the bulk signal, but
instead we have a well-defined depth for its onset (z,). We can
now use these two specific z coordinates in our accuracy study.
The theoretically expected values for these two z coordinates
can be calculated and compared to the results of the
measurements. This allows one to evaluate the accuracy of
the SFG/DFG method on two levels. By analyzing the phases
of the resonant contribution, we can determine the
experimental error in the z = 0 position and thus the accuracy
of absolute z-values obtained in such experiments. Further-
more, the comparison of the measured distance between these
coordinates with the theoretical value allows one to analyze the
relative depth accuracy.

To perform this analysis, we need to precisely determine the
phase differences between the SFG and the DFG responses for
the resonant contribution and the nonresonant bulk
contribution independently. On the basis of the spectra
shown in Figure 4B this is highly nontrivial because of the
large spectral overlap of the three contributions to the signals
(in particular, the overlap between the two nonresonant
contributions). In that respect the presented sample exactly
corresponds to the challenging cases mentioned in the last
section. To obtain the desired accuracy we clearly need to
decompose the overall spectra.

Decomposition of the Spectra. A powerful way to
separate different signal contributions in second-order non-
linear spectroscopy is to perform an experimental symmetry
analysis. If the susceptibility tensors that give rise to the
different signals belong to different symmetry groups, they can
often be separated by performing rotational anisotropy
measurements.””>7"7 A prominent example is the z-cut
alpha-quartz crystal. While the surface contribution ﬂfg(gg,NR,I
shows an isotropic response the bulk contribution y{2\gs
oscillates with a period of 120° (threefold symmetry) upon
azimuthal rotation of the crystal.”” In the presented case there
is additionally the signal contribution from the SAM. The
molecular chains in an SAM typlcally show a slight tilt with
respect to the surface normal,”® which could lead to a
component with onefold rotational symmetry in the resonant
response. However, because of the relatively large focal spot in
our experiment (ca. 0.13 mm?®) and the resulting averaging
over many SAM domains with random tilt directions, it is safe
to assume that the effective overall symmetry of the resonant
response is isotropic.

As a consequence of the sample properties discussed above,
it should be possible to separate the overall spectra by
performing such a rotational anisotropy experiment into two
parts: An isotropic part that contains the superposition of the
resonant signal with the nonresonant surface contribution and
a part with threefold symmetry containing the fully isolated
bulk response of the quartz substrate. The corresponding
experiment is done by performing consecutive phase-sensitive
SFG/DFG measurements where we rotate the OTS-quartz
sample in 5° increments about its surface normal. The resulting
two-dimensional raw data set for the SFG response is shown in
Figure 4C in the upper panel. Note, for better illustration we
show in Figure 4C only the data of the SFG responses. The
simultaneously obtained DFG data look very similar. The

presence of the quartz bulk contribution with its threefold
azimuthal symmetry can clearly be observed in the raw data
(see for better clarity the vertical slice through the raw data at
0 fs time delay in the upper left panel of Figure 4C).

The threefold and isotropic contributions can now be
separated by Fourier transformation of the 2D raw data matrix
in the vertical direction. The resulting two-dimensional SFG
data set is depicted in Figure 4C in the lower panel. Here we
indeed find responses in the two expected symmetry classes
(isotropic n = 0 and threefold n = 3). After this separation we
retrieve the corresponding SFG/DFG spectra by Fourier
transformation of the two separated parts along the horizontal
axis (see Figure 4D). The equations that describe the
contributions to the isotropic SFG and DFG spectra are
given by

) a oy _ (2 ) ilAkSF)
)(eff,n:O (0)1 » @03 ) )(loc R Xloc,NR T - (22)

_ ) (2 —ilAkDz
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and the expressions for the threefold component are
accordingly
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Comparing expressions 22 and 23 to eqs 14 and 15 shows
that the SFG and DFG spectra of the isotropic component
should resemble very closely the spectra that we obtained from
the FS-SAM sample in Figure 3A. A closer look into these
spectra reveals that this is indeed the case. The spectra from
Figure 4D upper panel and 3A look essentially the same
(including the negative offset in the real parts due to the
contribution of the nonresonant surface signal). The SFG and
DEG spectra of the threefold component should in contrast
not contain any spectroscopic signatures of the vibrational
resonances. As shown in Figure 4D in the lower panel, also this
prediction is precisely fulfilled.

Absolute Depth Accuracy. At this point we have
successfully decomposed the overall responses into two parts
separating the two signal sources that we want to use for the
intended analysis. We can now proceed with the determination
of the two z-coordinates from the obtained spectra. We start
with the analysis of the isotropic part and the evaluation of the
experimental uncertainty in the z = 0 position.

As mentioned earlier the reference plane (z = 0) should be
located precisely at the very top interface (SAM/air), which
should coincide with the spatial origin of the resonant signal.
We can now mathematically describe possible deviations from
this position (e.g, induced by improper phasing) by
introducing an error phase ¢ in the equations. All SFG and
DEFG responses are therefore multiplied by the factors ¢ and

e, respectively. The expressions for the isotropic part then
transform to

@
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and
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If we determine the exact value for ¢ in a given experiment,
we can quantify these phasing errors and transform them into a
position error for the resonant response. In order to obtain ¢
from the isotropic part of the measured spectra we exploit the
different spectral line shapes of the two signal contributions
){,(32 r and ;(k,c nrp- If we form the difference between the
complex SFG and DFG spectra we get following expression.
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We see that, in the case of 6 = 0, the resonance signal should
vanish in the difference spectrum, and the only remaining
spectral feature would be a straight line originating from some
residual of the nonresonant surface signal. Any deviations from
0 = 0 will, in turn, make the spectroscopic signatures of the
resonance become apparent. On the basis of this property we
can determine ¢ with great precision. We therefore generate
from the obtained isotropic spectra a series of difference
spectra, where we introduce an artificial phase spread ¢
between the SFG and DFG responses. Subsequently we
evaluate the deviation P(€) of these difference spectra from a
straight line. The phase value where P(€) reaches its minimum
then corresponds to —o. In practice this is done in an
automated procedure that minimizes the following function

P(e) =
./dw1 Vet O(wl, wy)-¢ 5

2
effn o(@f, —w))-e” 2 = C(w))! (29)

where C.(w,) represents the residual nonresonant contribution
that is obtained by a linear fit of each individual difference
spectra. The results of this procedure for the quartz-OTS
sample are depicted in Figure 5.

The evolution of the difference spectra (their modulus
square) with € clearly shows how the spectroscopic signatures
of the resonances disappear at the minimum of the deviation
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Figure S. Spectral deviation as a function of phase spread €. Red
dotted line marks the minimum of the deviation curve.

curve. This minimum is, in this particular example, located at €
= 0.1°, corresponding to an error phase of 6 = —0.1°. This
nonzero error phase leads to a shift of the reference plane and
ultimately to a shift of the apparent z position of the resonant
signal (z,(6)) from zero. The latter can be obtained using
following relation.

o = (IAKSTCl + 1AKP™ D)z, (o) (30)

Assuming a refractive index inside the SAM of 1.46,* the
calculation of the sum of the wavevector mismatches yields for
our experimental geometry a value of 2.3°/nm (see the
Supporting Information). Using this value in eq 30, we obtain
an apparent position of z,(6) = —0.04 nm. Compared to the
expected value of zero this is a very close match. On the basis
of the analysis of the results from experiments with similar
samples we find that the obtained values for € show typical
deviations on the order of +3°. From this we can deduce that
the uncertainty of the z = 0 position is on the order of +1.3 nm
(for the experimental settings used in the presented studies).

Relative Depth Accuracy. We now turn our attention to
the analysis of the relative depth accuracy of the method. For
this we need to determine the distance d between the
measured z-coordinates of the resonant response and the onset
of the quartz bulk contribution. Note, both signals are acquired
within the same measurement, which means that both are
impacted by phasing errors in the same way. The distance is
therefore simply given by

d =2z, -z(0) (31)

Since the bulk response is fully isolated in the threefold part
)(eﬁfg - 3 we can determine z, directly by analyzing the phase
difference Ad(y.2)- ;) between the SFG and DFG spectra.
Using eqs 24 and 25 we find the following relation.
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Applying eqs 31 and 32 to our measured data we can extract
d from the experimental results. Since the phases of the
nonlinear responses are spectrally resolved in the presented
measurements, we also obtain the values for d as a function of
vibrational frequency. We note that the location of the onset of
the bulk response is obviously independent of the frequency.
The resulting spectrum should therefore form a straight line
with a constant offset from zero.

The result of this analysis is shown in Figure 6B (red line).
We indeed observe for d a straight line that is offset from zero.
The mean value of d amounts to ~4.2 nm. The positive sign of
this z-coordinate thereby indicates that the onset of the bulk
signal lies as expected below the SAM/air interface. In order to
evaluate the accuracy of this experimentally obtained value we
need to theoretically estimate the distance d. In a simple
picture we would expect that d precisely equals the chain
length of the aliphatic carbon chain in the SAM in its
straightened form (see Figure 6 middle panel). The OTS
molecule that forms the SAM in the presented measurements
contains 18 carbon units and has a chain length of ~2.4 nm.
Although our measured value lies indeed in the same ballpark,
the two values do considerably deviate. In total the measured
value is 1.8 nm larger than the estimated thickness of the
molecular monolayer. This discrepancy could be interpreted as
inaccuracy in the measurement, but several repetitions of the
experiment yield the very same reported value.
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Figure 6. Determination of the distance d between the resonant signal and the onset of the quartz bulk response. (A) Spectral deviation as a
function of phase spread ¢ (from Figure S) for the determination of the spatial origin of the resonance signal; (B) spatial origin for the onset of the
quartz bulk signal. The curves in (A, B) are shifted in z such that the origin of the resonant signals is at z; = 0, and the mean values in (B) therefore
correspond to d; (C) comparison between calculated and measured values for the different SAMs.

To further investigate this observation, we performed similar
experiments with different thicknesses of the molecular SAMs.
Z-cut quartz crystals are therefore functionalized with
decyltrichlorosilane (DTS, 10 carbon units) and propyltrie-
thoxysilane (PTES, 3 carbon units) with calculated chain
lengths of ca. 1.4 and 0.5 nm, respectively. After performing
the same data analysis as shown for the OTS case, we obtain
the resulting curves depicted Figure 6B (green DTS, blue
PTES). Comparing the three curves corresponding to the three
different SAMs, we can clearly see that they are indeed shifted
in z with respect to each other. All measured values and
calculated chain lengths are summarized in the table in Figure
6C. A closer look onto these data shows that our measured
values precisely follow the trend of the calculated chain lengths
for the three different SAMs. The individual differences in
chain length of ~1 nm are perfectly reproduced by the
measured data. These results clearly show that we can resolve
depth differences as small as 1 nm using the SFG/DFG
technique, which suggests that the relative depth accuracy
readily reaches into the sub-nanometer region.

The only discrepancy between the experimental and
theoretical values is the presence of the constant offset of
~1.8 nm in the measured data. The reproducibility of this
deviation and the high accuracy of the obtained relative depth
values strongly point into the direction that this offset relates
to a property of the samples rather than to the spectroscopic
technique itself. This suggests that we should go one step back
in our interpretation of the obtained data and refine our
physical picture of the samples measured in this section.

The distance d that we measure is the distance between the
top of the SAM and the onset of the bulk signal. This value
equals the molecular chain length only if the z-coordinate for
the onset of the bulk contribution is precisely located at the
quartz—SAM interface. However, this is not necessarily the
case. For the generation of a second-order bulk signal the
crystal structure needs to be non-centrosymmetric. Although
this is certainly given inside the bulk of @ quartz, it is not clear
to what extent this well-defined crystal structure continues in
an unperturbed manner up to the crystal surface. Several
studies have shown that the surface of @ quartz can be
considerably reconstructed and that the nature of these surface
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modifications highly depends on the thermal history of the
crystal.’”®’ How deep into the bulk these structural
modifications reach is currently unknown. But if we consider
that the surfaces of our quartz crystals are optically polished,
which involves applying a mechanical stress to the surface and
generating elevated local temperatures, it is not unreasonable
to assume that there are significant structural distortions at the
crystal surface that extend over relevant length scales into the
subsurface region. These structural distortions form a defect-
rich spacer layer that spatially separates the bulk crystal from
the molecular monolayer. The presence of such a layer would
manifest itself spectroscopically by an effective depth for the
onset of the bulk signal that lies somewhat below the surface of
the crystal, just like the shift that we observe in our data. In
fact, such effects in the nonlinear response of the z-cut quartz
crystal have also been observed and discussed in a recent
publication by Sun and co-workers.”” We therefore assign the
observed 1.8 nm shift in the measured data to the effect of
these structural distortions. In consequence, our data suggest
that the effective onset of the bulk signal in our quartz samples
is located 1.8 nm below the quartz—SAM interface, a value that
definitively seems realistic. However, besides this rationalizing
argumentation we found further experimental evidence in
support of the presented interpretation during our studies on
these samples.

Following the discussion above one would expect that the
amount of structural distortions (and thus the value for the
offset) sensitively depends on the details of the polishing
process. In the article in ref 50 the authors show evidence for
just such a dependency. For this reason, we used in the
experiments shown in this section only quartz crystals of the
same type and from the same vendor to ensure a maximum of
similarity in the polishing. As a result, we obtained the reported
constant offset. In test measurements with quartz crystals from
a different vendor and thus potentially different polishing,
however, we did observe significant deviations in the value for
the offset. This dependence on the sample history clearly
suggests that the observed shift is indeed related to the
intrinsic properties of the quartz crystal, which is in full
accordance with the presented interpretation. With this
explanation for the observed offset in hand all the measured
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values become entirely conclusive, and we can therefore
consider the reported relative accuracy to be confirmed.

Conclusions. In conclusion of this experimental inves-
tigation presented above we can state that the SFG/DFG
technique shows a remarkable precision. The measurements
reveal that the relative depth accuracy can even reach the sub-
nanometer regime, while the accuracy of the obtained absolute
z-coordinates is slightly lower with typical position errors on
the order of +1.3 nm.

We have also seen that one of the main challenges for the
depth analysis of such measurements is the isolation of a
particular signal of interest from the overall spectra. In the
presented example the separation of the signals required an
admittedly quite extensive effort on the experimental side (e.g.,
the rotational anisotropy measurements) and in the data
analysis. We would like to point out that, for many sample
systems of interest, such additional measurements are not
necessarily required. The reason for the choice of the quartz—
SAM samples as a model system despite this increased
complexity is mainly based on their well-defined structures and
well-understood nonlinear properties, which makes them
suitable for the evaluation of the depth accuracy. But there is
also a direct benefit from the use of a spectroscopically rather
challenging model system in the presented study: it gave us the
opportunity to discuss and present first examples of advanced
techniques for the decomposition of different signal con-
tributions and in the data analysis, which are certainly key
ingredients of the SFG/DFG method.

Furthermore, the study also allows us to directly evaluate
their performance. From the high-precision results that we
obtained in the end of this study we can conclude that the
application of these techniques did not noticeably degrade the
accuracy of the data. On the contrary, at each step during the
detailed analysis of the nonlinear responses from the
investigated samples we repeatedly compared the obtained
experimental data with the corresponding theoretical pre-
dictions, and without exception we have found almost perfect
agreement. This shows that our presented mathematical
framework builds a solid foundation for describing the
measured SFG and DFG data, which is an important basis
to further develop and refine our data analysis techniques.

Finally, we briefly discuss the information content that we
obtain with the presented technique. The result part of this
publication focuses on the evaluation of the depth accuracy of
the method, and as test parameter we use the layer thickness of
our quartz—SAM samples. This layer thickness could have
been also determined with alternative, more traditional
spectroscopic techniques such as ellipsometry,””** which can
yield a similar depth resolution. While it is beyond the scope of
this publication to compare the performance of our nonlinear
technique with ellipsometry, it is important to note that the
information content of the data obtained here is fundamentally
different: in the presented study we have not only precisely
determined the spatial origin of different signal sources but also
have obtained, in particular, the corresponding nonlinear
vibrational spectra for each of these signal contributions (see,
e.g., the vibrationally resonant spectra of the SAM). It is this
duality of information that allows us to analyze the chemical
composition and structures in the sample and directly correlate
them to specific spatial coordinates. Furthermore, our
technique is sensitive to spatial changes in symmetry rather
than changes in the refractive index (as is the case for linear
interferometric techniques). A good example illustrating this

difference is in fact contained in the presented results. In the
accuracy study we found that the onset of the nonlinear bulk
signal is not located at the quartz—SAM interface (where the
refractive index changes) but 1.8 nm below, where the
symmetry of the crystal adopts the bulk properties. This
sensitivity to symmetry changes is, however, one of the
fundamental requirements for the intended investigations of
the properties of extended interfacial regions as described in
the Introduction.

Opverall, the presented SFG/DFG method combines vibra-
tional, spatial, and symmetry information in a unique fashion,
and it is this combination that gives exciting new perspectives
for interfacial studies and sets this technique apart from more
traditional spectroscopies.

B SUMMARY AND OUTLOOK

In this contribution we have presented a technique that allows
one to obtain deep insight into the physics of extended
interfacial regions by combining phase-sensitive SFG and DFG
spectroscopy. The method has been described theoretically,
and the feasibility and high accuracy of such measurements
have been demonstrated experimentally. This sets the basis for
moving toward the spectroscopic characterization of more
challenging and scientifically relevant interfaces, like the air/
liquid and solid/liquid interfaces, and for tackling longstanding
questions concerning the actual interfacial volume that
participates in what is generally described as “interfacial signal”.

However, the most important implication of our work is
more fundamental, as it describes the way to determine
important spectroscopic observables in nonlinear spectroscopic
experiments by selectively measuring the signals from different
nonlinear interaction pathways. This concept is very general
and can also be applied to tackle other physical problems
beyond the analysis of depth profiles. An example is the precise
determination of nonlinear Fresnel factors, a technique that
could have an important impact in the evolving field of
spectro-electrochemistry (this will be the topic in a separate
publication). Furthermore, the basic principle of the method
described here is not restricted to second-order processes and
could straightforwardly be adopted by other spectroscopic
methods within the diverse family of coherent nonlinear
techniques. A very promising candidate that naturally comes to
mind is the third-order coherent anti-Stokes Raman spectros-
copy (CARS).** Overall, the presented work provides a
promising perspective for the evolving field of nonlinear
spectroscopy toward a higher level of accessible information
and reduced necessity for theoretical models to extract the
desired physical quantities from the obtained spectra.
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