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Schematic of the optical setup of single-channel HD-SFG 

Schematic of the optical setup of single-channel HD-SFG. The ω1 and ω2 lights propagate nearly collinearly with a 
small vertical shift after the mirror M1. A light-blue thin line drawn between the glass plate G1 and the sample 
interface represents the LO light. The sample can be replaced with the z-cut quartz by the xyz automatic translation 
stages. F stands for optical filters. The positive direction of the P polarization of the ω2 pulse at the incidence of the 
sample interface is defined to be along the positive directions of the laboratory X and Z axes. The inset shows relation 
between the polarizations of the ω1, ω2, and LO pulses and the crystal axes of the y-cut quartz. 



Calibration for the ω2 pulse  

IR transmittance spectra of water vapor measured using the FTIR spectrometer with the resolution set at (a) 2 
cm−1and (b) 4 cm−1, and (c) using the single-channel HD-SFG setup. The wavenumber calibration for the ω2 pulse in 
this spectral region was performed using all the bands to which the peak positions are appended in (a). 



Theory 

Pick up optical interference between the SF signal and LO lights (y-quartz: LO, ω1 - ∥, ω2 -⊥ ) 

𝜒𝑦−𝑐𝑢𝑡 ∝ sin2 𝜓 cos 𝜓 

𝐸𝐿𝑂 = 𝜒𝑦−𝑐𝑢𝑡𝐸1𝐸2 

The SF signal light is generated either at the sample interface and at the reference z-cut quartz surface 

𝐸𝑆 = 𝑖𝜒𝑆𝐸1𝐸2exp {𝑖(𝜙1 + 𝜙2)} 

𝐸𝑅 = 𝑖𝜒𝑅𝐸1𝐸2exp {𝑖(𝜙1 + 𝜙2)} 

 

 

 

 

 

 



Theory 

𝐸𝐿+𝑆 = 𝑅𝑆𝐸𝐿𝑂𝑒𝑥𝑝(𝑖𝜙𝐿𝑂) + 𝐸𝑆 = [𝑅𝑆𝜒𝑦−𝑐𝑢𝑡𝑅𝑒𝑥𝑝 (𝑖𝜙𝐿𝑂) + 𝑖𝜒𝑆𝑒𝑥𝑝{𝑖(𝜙1 + 𝜙2)}]𝐸1𝐸2 

 

Δ𝐼𝑆 = |𝐸𝐿+𝑆(𝜓 = 90° − 𝛿)|2 − |𝐸𝐿+𝑆(𝜓 = 90° + 𝛿)|2

= |𝑅𝑆𝐸𝐿𝑂𝑒𝑥𝑝(𝑖𝜙𝐿𝑂) + 𝐸𝑆|2 − | − 𝑅𝑆𝐸𝐿𝑂𝑒𝑥𝑝(𝑖𝜙𝐿𝑂) + 𝐸𝑆|2

= 2𝑖[𝜒𝑦−𝑐𝑢𝑡
∗ 𝜒𝑆𝑒𝑥𝑝{𝑖(𝜙1 + 𝜙2 − 𝜙𝐿𝑂)} − 𝜒𝑦−𝑐𝑢𝑡𝜒𝑆

∗𝑒𝑥𝑝{𝑖(−𝜙1 − 𝜙2 + 𝜙𝐿𝑂)}]𝑅𝑆|𝐸1𝐸2|
2 

 

𝐸𝐿+𝑅 = [𝑅𝑅𝜒𝑦−𝑐𝑢𝑡
𝑒𝑥𝑝(𝑖𝜙𝐿𝑂) + 𝜒𝑅𝑒𝑥𝑝{𝑖(𝜙1 + 𝜙2)}]𝐸1𝐸2 

 

Δ𝐼𝑅 = |𝐸𝐿+𝑅(𝜓 = 90° − 𝛿)|2 − |𝐸𝐿+𝑆(𝜓 = 90° + 𝛿)|2

= 2[𝜒𝑦−𝑐𝑢𝑡
∗ 𝑒𝑥𝑝{𝑖(𝜙1 + 𝜙2 − 𝜙𝐿𝑂)} + 𝜒𝑦−𝑐𝑢𝑡

𝑒𝑥𝑝{𝑖(−𝜙1 − 𝜙2 + 𝜙𝐿𝑂)}]𝜒𝑅𝑅𝑅|𝐸1𝐸2|
2 

 

𝐷 ≡ −4𝜒𝑦−𝑐𝑢𝑡
∗ 𝑒𝑥𝑝 𝑖 𝜙1 + 𝜙2 − 𝜙𝐿𝑂 𝑅𝑆 𝐸1𝐸2

2 

Δ𝐼𝑆 = 𝐼𝑚[𝐷𝜒𝑆] = 𝐼𝑚 𝐷 𝑅𝑒 𝜒𝑆 + 𝑅𝑒 𝐷 𝐼𝑚 𝜒𝑆 

 



Theory 

Quantities measured with the glass plate 

Δ𝐼′𝑆 = 2𝑖[𝜒𝑦−𝑐𝑢𝑡
∗ 𝜒𝑆𝑒𝑥𝑝{𝑖(𝜙′1 + 𝜙′2 − 𝜙′𝐿𝑂)} − 𝜒𝑦−𝑐𝑢𝑡

𝜒𝑆
∗𝑒𝑥𝑝{𝑖(−𝜙′1 − 𝜙′2 + 𝜙′𝐿𝑂)}]𝑅𝑆|𝐸1𝐸2|

2 

Δ𝐼′𝑅 = 2[𝜒𝑦−𝑐𝑢𝑡
∗ 𝑒𝑥𝑝{𝑖(𝜙′1 + 𝜙′2 − 𝜙′𝐿𝑂)} + 𝜒𝑦−𝑐𝑢𝑡

𝑒𝑥𝑝{𝑖(−𝜙′1 − 𝜙′2 + 𝜙′𝐿𝑂)}]𝜒𝑅𝑅𝑅|𝐸1𝐸2|
2 

 

𝐷′ ≡ −4𝜒𝑦−𝑐𝑢𝑡
∗ 𝑒𝑥𝑝{𝑖(𝜙′1 + 𝜙′2 − 𝜙′𝐿𝑂)}𝑅𝑆|𝐸1𝐸2|

2 

Δ𝐼′𝑆 = 𝐼𝑚 𝐷′𝑅𝑒𝜒𝑆 + 𝑅𝑒 𝐷′𝐼𝑚𝜒𝑆 

 



Theory 

 

 

 

 

 

𝐷 ≡ −4𝜒𝑦−𝑐𝑢𝑡
∗ 𝑒𝑥𝑝 𝑖 𝜙1 + 𝜙2 − 𝜙𝐿𝑂 𝑅𝑆 𝐸1𝐸2

2 

Δ𝐼𝑆 = 𝐼𝑚[𝐷𝜒𝑆] = 𝐼𝑚 𝐷 𝑅𝑒 𝜒𝑆 + 𝑅𝑒 𝐷 𝐼𝑚 𝜒𝑆 

𝐷′ ≡ −4𝜒𝑦−𝑐𝑢𝑡
∗ 𝑒𝑥𝑝{𝑖(𝜙′1 + 𝜙′2 − 𝜙′𝐿𝑂)}𝑅𝑆|𝐸1𝐸2|

2 

Δ𝐼′𝑆 = 𝐼𝑚 𝐷′𝑅𝑒𝜒𝑆 + 𝑅𝑒 𝐷′𝐼𝑚𝜒𝑆 

𝑅𝑒 𝜒𝑆

𝐼𝑚 𝜒𝑆
=

𝐼𝑚 𝐷 𝑅𝑒𝐷
𝐼𝑚 𝐷′ 𝑅𝑒 𝐷′

−1 Δ𝐼𝑆
Δ𝐼𝑆

′ =
1

𝐼𝑚 𝐷𝑅𝑒 𝐷′ − 𝑅𝑒 𝐷𝐼𝑚 𝐷′
 𝑅𝑒 𝐷′ −𝑅𝑒𝐷

−𝐼𝑚 𝐷′  𝐼𝑚 𝐷

Δ𝐼𝑆
Δ𝐼𝑆

′  

 

ReχS and ImχS are obtained by measuring ΔIR, ΔI′R, ΔIS, and ΔI′S. 



 Reference z-cut quartz surface 

(a) Intensity differences (ΔIR and ΔI′R) 
between the total electric fields 
with ψ = 90° ± 0.5°. Black and blue 
circles stand for the experimental 
data of ΔIR and ΔI′R, respectively. 
Dotted lines just connect the data 
points.  

 

(b) ΔIR and ΔI′R normalized by 𝜒𝑅
2 𝐸1𝐸2

2. 
Black and blue circles stand for the 
experimental data of normalized 
ΔIR and ΔI′R, respectively. Solid lines 
represent fits based on a sine 
function. 

 

 
 
Δ𝐼𝑅

𝜒𝑅
2 𝐸1𝐸2

2
= 2 𝜒𝑦−𝑐𝑢𝑡

∗ 𝑒𝑥𝑝 𝑖 𝜙1 + 𝜙2 − 𝜙𝐿𝑂

+ 𝜒𝑦−𝑐𝑢𝑡𝑒𝑥𝑝{𝑖(−𝜙1 − 𝜙2

+ 𝜙𝐿𝑂)} 𝜒𝑅
−1𝑅𝑅  



Sample interface 

(a) Intensity differences (ΔIS and ΔI′S) between 
the total electric fields with ψ = 90° ± 0.5° 
for the H2O/vapor interface. Black and blue 
circles stand for the experimental data of 
ΔIS and ΔI′S, respectively. Dotted lines just 
connect the data points.  

 

(b) χS spectra of the H2O/vapor interface (red: 
imaginary, black: real) and the D2O/vapor 
interface (orange: imaginary, blue: real). 
Open circles represent the experimental 
data, and dotted lines just connect the data 
points. Solid lines are eye guide. 



H2O/vapor interface 

 χ(2)
eff,SSP spectrum of the H2O/vapor interface (red: 

imaginary, black: real) after the complex-phase correction. 
Open circles represent the experimental data, and dotted 
lines just connect the data points. Solid lines are eye guide. 

Shen, Phys. Rev. Lett. 2008 



Conclusion 

• Single-channel HD-SFG from the water/vapor interface 

– at the same time to separately obtain the real and imaginary parts of χ(2) 

• The Im χ(2)
eff,SSP spectrum of the H2O/vapor interface has the “positive band” in 3000–3200 

cm−1 and the small band at 3640 cm−1, the former of which is negated in the present study 

• The complex-phase correction using nonresonant D2O as a standard guarantees the reliability of 

the present experimental data.  

• Molecular dynamics simulation studies of the water/vapor interface that reproduced the positive 

band in 3000–3200 cm−1 should be reconsidered. 

 


