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Noise reduction and measurement procedure

In a typical SFG experiment the signal to noise ratio is determined by photon shot noise1. However, at very high photon
counts (long integration times) a systematic error will limit the sensitivity in HD-VSFG experiments prohibiting the analysis
of small signals like that of the water bending mode. The origin of the systematic error is the high frequency spectral noise
introduced in the detection path. This high frequency spectral noise mixes with the heterodyne signal and cannot be removed
by post-processing or averaging more. The main reason for the spectral noise is the structural noise on the CCD camera, that
results from an etaloning effect. This phenomenon degrades the performance of thinned, backilluminated CCD cameras. The
effect is caused by lightwaves passing through the camera and getting reflected at the rear surface, producing interference
fringes when they interact with incoming waves. Even though new cameras have many strategies to reduce this effect and
improving the data quality, it is not possible to suppress it completely. Here we use a CCD camera from Princeton Instruments.
As stated in the main manuscript, the water bending mode vibration is around five times smaller than the OH stretch vibrations.
The signal to noise ratio in this region is low which makes it difficult to analyze the data if we would not reduce the structural
noise resulting from the etaloning effect. Here we developed a measurement procedure to extract the structural noise from the
measured data and to remove it from the raw data. In order to do so we take two independent measurements of z-cut quartz
with a different orientation of 180 degrees. By doing so we change the phase of our reference measurement exactly by 180
degrees. If we now add up the two quartz spectra, the interference induced by the SFG signal of the local oscillator and the
quartz is removed. The remaining modulation, that largely represents the structural noise of the etaloning effect, can now be
used as a scaling factor to remove the structural noise from the data. In the following figure we show the experimental data
before and after this structural noise removal. The observed improvement of the sensitivity is at least an order of magnitude.
The improvement will vary for different experimental setups and wavelength ranges of interest, but in all cases will improve the
sensitivity limit of broad band HD-SFG setups.
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Figure 1. Im[χ(2)] spectra of the neat water/air interface 1 (a) before and 1 (b) after removing the structural noise from the
experimental data.
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Figure 2. The Im[χ(2)] spectra of the neat water surface (blue) and the water/sodium monododecyl phasphate (SMP)/air
interface at different concentrations of 0.025 mM (darkcyan) and 0.25 mM (green). The measurement was taken in SSP
polarization configuration (s-SFG, s-VIS, p-IR).
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Figure 3. (a)-(d) present the modeled Im[χ(2)] and Re[χ(2)] spectra of the water/DTAB/air interface (χtot,the, cyan) combined
with the experimental data (dark blue). The model shows additionally a decomposition of the total response χtot,the in different
contributions: the non-resonant background χNR (dotted orange), the bending mode response χδ (dotted green), and the
response of the OH stretch vibrations χσ (dotted red).
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Figure 4. (a)-(d) present the modeled Im[χ(2)] and Re[χ(2)] spectra of the water/SDS/air interface (χtot,the, cyan) combined
with the experimental data (dark blue). The model shows additionally a decomposition of the total response χtot,the in different
contributions: the non-resonant background χNR (dotted orange), the bending mode response χδ (dotted green), and the
response of the OH stretch vibrations χσ (dotted red).
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Figure 5. Spectral decomposition of experimental obtained Im[χ(2)] spectra of the the water/DTAB/air (cyan) with two
lorentzian-shaped spectral components of different concentrations (a) 0.05 mM (b) 0.1 mM (c) 2 mM and (d) 5 mM. The two
lorentzian-shaped spectral components are assigned to the quadrupole contribution of the bulk (blue) and to the interfacial
dipole contribution (red) of the water bending mode centered at 1656 cm−1 and 1626 cm−1 respectively.
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Figure 6. Spectral decomposition of experimental obtained Im[χ(2)] spectra of the the water/SDS/air (cyan) with two
lorentzian-shaped spectral components of different concentrations (a) 0.1 mM (b) 0.5 mM (c) 2 mM and (d) 5 mM. The two
lorentzian-shaped spectral components are assigned to the quadrupole contribution of the bulk (blue) and to the interfacial
dipole contribution (red) of the water bending mode centered at 1656 cm−1 and 1626 cm−1 respectively.
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Quadrupolar Response of the Water Bending Mode
Here it is to be mention that the complete quadrupole contribution is represented as:

χ
Quadrupole = χ

B +χ
IQB +χ

IQ (1)

where χ IQB is the quadrupole contribution discussed so far in this work.2–5 From literature it is known that the χB

component arises from the spatial gradient of the light fields in the bulk region and can be distinguished from the surface
response. Furthermore, the χB is dependent on the geometry of our experiment and is negligible for the SSP polarization
combination.6, 7 Both the χ IQB and χ IQ component are interface selective, while χ IQB provides also information about the bulk
vibrational modes and χ IQ is purely interface specific.6, 7 Theoretical studies show that the χ IQ component is even smaller
than the interfacial dipole contribution, therefore we account it as negligible in the interpretation of our measurements, and we
assign the observed quadrupole contribution only to the χ IQB component.6
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