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Single-channel heterodyne-detected sum frequency generation (HD-SFEG) spectroscopy for selec-
tively measuring vibrational spectra of liquid interfaces is presented. This new methodology is
based on optical interference between sum frequency signal light from a sample interface and
phase-controlled local oscillator light. In single-channel HD-SFG, interferometric and spectrometric
measurements are simultaneously carried out with an input IR laser scanned in a certain wavenumber
range, which results in a less task than existing phase-sensitive sum frequency spectroscopy. The real
and imaginary parts of second-order nonlinear optical susceptibility ( y'*) of interfaces are separately
obtained with spectral resolution as high as 4 cm™' that is approximately six times better than
existing multiplex HD-SFG. In this paper, the experimental procedure and theoretical background
of single-channel HD-SFG are explicated. and its application to the water/vapor interface 1s demon-
strated, putting emphasis on the importance of a standard for the complex phase of y'%. © 2015 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4927067]
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Schematic of the optical setup of single-channel HD-SFG
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Schematic of the optical setup of single-channel HD-SFG. The w, and w, 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 w, 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 w,, w,, and LO pulses and the crystal axes of the y-cut quartz.



Calibration for the w, pulse
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IR transmittance spectra of water vapor measured using the FTIR spectrometer with the resolution set at (a) 2
cm™tand (b) 4 cm™, and (c) using the single-channel HD-SFG setup. The wavenumber calibration for the w, pulse in

this spectral region was performed using all the bands to which the peak positions are appended in (a).



Pick up optical interference between the SF signal and LO lights (y-quartz: LO, w, - I, w,-1)
Xy—cut & sin® 1 cos
Ero = Xy—cutE1E>
The SF signal light is generated either at the sample interface and at the reference z-cut quartz surface
Es = ixsE Ezexp{i(¢, + ¢,)}

Er = ixgE Eexpli(¢; + ¢,)}



Eiys = REpexp(ido) + ES = [RSXy—cutRexp (idro) + ixsexp{i(¢, + P)}EE,
Als = |Epys( =90° = 8)|2 — |Ep4s( = 90° + 6)[2

= |RsE pexp (i o) + ES|2 — | — RgE pexp (i) + ES|2

= Zi[X;—cut)(Sexp{i(¢1 + ¢y — b)) — Xy—cut)(;exp{i(_(pl — ¢, + ¢0)}RS|ELE,|*

Erir = [RRy, . .exp(idyo) + xpexp{i(P: + $2)3|ELE,

Alg = |EL+r( = 90° = 6)|2 — |[EL4+s(p = 90° + 5) |2

= Z[X;_Cutexp{i(qﬁl + ¢, — o)} + Xy_cutexp{i(_¢1 — ¢y + dLo)}XrRRIELE,|?

D= _4X;—cutexp{i(¢1 + ¢y — Do) IR E L E,|?
Al =Im[Dys] =ImDRe xs+ ReD Im xg



Quantities measured with the glass plate
Al's = 2i[)xy—curxsexp{i(@'l + ¢'2 — ')} — Xy_cut)(Eexp{i(—qb'l — @2+ @' p)}R|ELE,|?

Al'p = 2[xy—curexp{i(@'1 + ¢'2 — 1)} + )(y_cutexp{i(_¢’1 — @2+ @' 1)) XRrRRIELE, |

D' = ~4);_curexp{i(@'1 + ¢'2 = ¢'10)IRS|E, E, 2

Al'c =ImD'Rey, + Re D'Imyg



D= —4)(;_Cutexp{i(q.')1 + ¢y — Do) IR ELE, |2
Al =Im[Dys] =ImDRe y,+ ReD Imy
D' = —4x;_cycexp{i(¢p'l + ¢'2 — ¢’ ,)}RS|E L E,|?

Al's = ImD'Reys + Re D'Imyg

(Re Xs) _ (ImD ReD )‘1 (Als> 1 ( Re D' —ReD) (Als>

Imys) ~ \ImD’" ReD') \AlL)  TmDReD — ReDImD \—ImD' ImD/\AL

Rexs and Imy; are obtained by measuring Alg, Al'g, Alg, and Al's,.



Reference z-cut quartz surface

(a) Intensity differences (Al; and Al'g)
between the total electric fields
with ¢ =90° £ 0.5°. Black and blue
circles stand for the experimental
data of Al; and Al'g, respectively.
Dotted lines just connect the data
points.

Al and Al'; normalized by y3|E; E,|?.
Black and blue circles stand for the
experimental data of normalized

Al and Al'g, respectively. Solid lines
represent fits based on a sine
function.
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Sample interface

(a) Intensity differences (Alg and Al') between | (a) | | |
the total electric fields with ¢y =90° +0.5° £ 02 ,“p'."o.. N
for the H,0/vapor interface. Black and blue ; o .'-.. g o
circles stand for the experimental dataof o 00 we** % —%
Al and Al', respectively. Dotted lines just & %% %, * o“."':,
connect the data points. %’ 0.2= v o8ge .:’..‘00.
| Y I bt
(b) xsspectra of the H,O/vapor interface (red: £ Glass Plate
imaginary, black: real) and the D,O/vapor 4 " | | | |
interface (orange: imaginary, blue: real). 2800 3000 3200 3400 3600 3800
Open circles represent the experimental IR Wavenumber (cm™')
data, and dotted lines just connect the data ax102[F 5 1 I T
points. Solid lines are eye guide. (b)
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H,0/vapor interface

[2}|2 i2) 2

FIG. 1. Spectra of |y¢ |, Imyy . and R-:—‘:f_?] for neat water-
vapor interface in the OH stretch range obtained with the phase-
sensitive sum-frequency vibrational spectroscopy (PS-SFVS).
The curves are for eve guiding.

Shen, Phys. Rev. Lett. 2008
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@) 4 ssp SPectrum of the H,0/vapor interface (red:
naginary, black: real) after the complex-phase correction.
pen circles represent the experimental data, and dotted
nes just connect the data points. Solid lines are eye guide.



Conclusion

Single-channel HD-SFG from the water/vapor interface
— at the same time to separately obtain the real and imaginary parts of x{2)

The Im X124 ssp spectrum of the H,0/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 DZO 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~! should be reconsidered.



