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Sum-frequency generation vibra-

tional spectroscopy (SFG-VS) has

been widely used for characteriz-

ing various interfaces. However,

obtaining SFG signals with a high

signal-to-noise ratio can be chal-

lenging for certain interfaces, such

as those involving powder particles,

which scatter the SFG light and

make it difficult to obtain accurate spectra. To address these challenges, we developed a new

approach using a z-cut α-quartz crystal as the substrate loaded with a very small amount of

powder sample. This approach not only amplifies the SFG signal from particles through the

interference of the electric field from the quartz crystal, but also allows for phase reference

and normalization of the broadband infrared SFG spectrum. By distinguishing the different

polarizations of the SFG light, we were able to separate and simultaneously collect the

achiral and chiral SFG signals. We used the chiral SFG signal to normalize the achiral

SFG intensity, thereby avoiding any potential changes to the interface caused by loading

substances onto the quartz, as well as coincidence differences resulting from the instability

of light at different moments. We demonstrated our method by measuring the adsorption

of CH3OD on a quartz substrate loaded with MoC nanoparticles. Our approach produced

a high signal-to-noise ratio SFG spectrum, regardless of the interface situation.

Key words: α-Quartz, Broadband IR, Normalization, Methanol, Powder, MoC, Sum-

frequency generation vibrational spectroscopy
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I. INTRODUCTION

Sum-frequency generation vibrational spectroscopy

(SFG-VS) has proven to be an effective spectroscopic

tool on surface and interface research [1−3]. As a

second-order nonlinear optical process, it possesses in-

trinsic interface-selectivity and is forbidden in the cen-

trosymmetric media under the dipole approximation
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[4−7]. This important feature makes SFG-VS intrin-

sically interface-selective. Over the years, it has been

extensively used to study the molecular structures and

dynamics of various surface such as liquids, heteroge-

neous catalysis, and biology [8−13]. As a purely opti-

cal characterization method, SFG-VS can detect all the

buried interface and without the interference of bulk

molecules, as long as they are accessible by light [14,

15]. Therefore, it is a powerful tool for studying interfa-

cial processes in catalysis even under the high-pressure

gas atmospheres [16−21]. However, most of the early

studies focus on the single crystal model catalytic sys-

tem rather than practical powder catalysts. This is

largely due to the significant scattering of the detection

light by the powder catalysts, which results in weak and

difficult-to-collect surface SFG signals [22, 23].

To reduce the scattering of incident lights and SFG

by the powder particle, we have successfully achieved

the SFG measurements by loading a very small amount

of powder on a quartz substrate [20]. This method has

two advantages, one of which is that a small amount

of powder still allows the light to be dominated by re-

flection rather than scattering, so reflective SFG exper-

imental configuration is still suitable. In addition, by

utilizing the interference between the bulk non-resonant

SFG signal from the quartz substrate and the SFG sig-

nal from adsorbed molecules on the particle surface, the

resonant SFG signal of the surface can be enhanced [24].

The simplicity and feasibility of this method can signif-

icantly improve the signal-to-noise ratio of SFG spectra

and have been demonstrated by studying the adsorption

behavior of CO on Pt nanoparticles [20]. However, it is

still difficult to detect the weaker signals, such as reac-

tion intermediates and trace products. We believe that

the challenge of increasing the signal-to-noise ratio re-

mains in accurately normalizing the obtained SFG spec-

tra. The current measurement techniques for SFG fall

into two categories: scanning infrared (IR) wavelengths

[25, 26] and broadband IR [27, 28]. Normalization is

necessary because the IR light has different intensities

for different wavelengths, especially for broadband SFG

which has a broad intensity distribution as a function of

IR wavelength. The common approach for normalizing

SFG signals involves using the reference standard mate-

rials, such as GaAs [29], Au [30] or quartz [24]. In our

previous works, SFG spectra were normalized by the

combination of SFG signals with an azimuthal offset of

60◦ or 180◦ on a z-cut quartz crystal [31, 32]. This nor-

malization method is often applicable in cases where the

quartz surface has a uniform interface, such as with a

uniform adsorption or coating. However, normalization

may be more challenging in cases where the surface ad-

sorption and substrate is not uniform, such as particles-

loaded substrates. The non-uniformity of the particles

on substrates leads to the differences in the coincidence

of input light beams on the surface, resulting in a de-

crease of the signal-to-noise ratio and artificial features

of the spectrum. Therefore, increasing the accuracy of

the normalization method is an essential process for the

detection of weak signals from powder particles.

Here, we have developed a novel method to normal-

ize broadband IR SFG spectrum using a z-cut α quartz

crystal as a substrate. This approach allows for the

simultaneous collection of chiral and achiral SFG sig-

nals using a single optical path. The chiral signal on

the z-cut α-quartz crystal typically originates only from

the bulk and does not contain information about sur-

face molecules. Additionally, both chiral and achiral

SFG can be generated simultaneously by the same in-

cident light beams at the same position on the sample.

As a result, this method allows for monitoring spot co-

incidence, scattering, and pulse energy fluctuations of

the two incident light beams. This method provides

us a highly reliable and effective means of normalizing

broadband IR SFG spectrum [25, 33, 34].

II. PRINCIPLE OF NORMALIZING BROADBAND IR

WITH α-QUARTZ CRYSTAL

z-cut α-quartz crystal has been widely used as inten-

sity and phase standard in SFG measurements because

it is spectroscopically flat in a broad spectral range from

UV to mid-IR due to its nonresonance [35−39]. It is

also often used in external heterodyne phase-resolved

(EHPR) measurements [40, 41]. Recently, Wang et

al. has developed internal heterodyne phase-resolved

(IHPR) measurements by using two special properties

of the z-cut α-quartz crystal: the intrinsic π/2 shift of

the bulk contribution versus the surface contribution

to the SFG field and the 3-fold azimuthal angle struc-

tural phase dependence of the quartz crystal with a D3

symmetry [24, 39]. The IHPR method does not require

multiple measurements like the EHPR method and only

requires one measurement, and there is no phase shift.

However, the IHPR method can only be used for specific

surfaces in contact with the phase reference interface.

The total SFG signal on α-quartz crystal is composed
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of the bulk contribution of the quartz crystal within the

coherent length and the surface contributions from the

adsorbed layer [24, 42]. The intensity of SFG is given

by [43]

ISFG ∝
∣∣∣χ(2)

eff

∣∣∣2IVis (ωVis) · IIR (ωIR) (1)

where IVis(ωVis) and IIR(ωIR) are the intensities of the

visible and IR light, respectively, and χ
(2)
eff is the effective

second-order nonlinear susceptibility tensor. In IHPR

measurements [24],∣∣∣χ(2)
eff

∣∣∣2 =
∣∣∣χ(2)

S,Re + iχ
(2)
S,Im + iχ

(2)
Q

∣∣∣2
=

∣∣∣χ(2)
Q

∣∣∣2 + 2χ
(2)
Q · χ(2)

S,Im +
∣∣∣χ(2)

S

∣∣∣2 (2)

Here, χ
(2)
Q is the second-order nonlinear susceptibility

of the quartz crystal, off-resonant from UV to mid-IR,

χ
(2)
S is the second-order nonlinear susceptibility of the

adsorbed layer, and χ
(2)
S,Im is its imaginary part. In gen-

eral, the first term is much larger than the third one, so

the third item can be omitted [24, 39]. And thus∣∣∣χ(2)
eff

∣∣∣2 ≈
∣∣∣χ(2)

Q

∣∣∣2 + 2χ
(2)
Q · χ(2)

S,Im (3)

Due to that the D3 symmetry of quartz results in the

phase dependence with a three-fold azimuthal angle, the

χ
(2)
Q term changes sign when rotating z-cut α-quartz

crystal by 60◦ or 180◦, whereas the χ
(2)
S,Im term re-

mains the same sign due to its isotropic on surface

[24]. Therefore, through SFG measurements with ro-

tating the quartz crystal and simple algebraic opera-

tions, Wang et al. developed the measurements of imag-

inary spectrum [39], followed by our work to develop

the imaginary spectrum under high-pressure gas envi-

ronments [31]. In these works, the SFG spectra are

normalized to the SFG signal from z-cut α-quartz crys-

tal (proportional to |χ(2)
Q |2) by another measurement on

a clean z-cut α-quartz crystal surface or based on two

times of measurements with rotating angles difference

60◦ or 180◦ of the z-cut α-quartz crystal [31]. To ob-

tain a high-quality spectrum, it requires the stable laser

power and IR spectrum in the two measurements, and

the overlapping conditions of the two beams to be the

same. However, there are two more troublesome prob-

lems for the particles sample loaded on a flat surface.

One is that the uniform distribution of the particle on

a flat surface is very tricky, and the other is that the

scattering from the particle is evitable.

On z-cut α-quartz crystal, both the achiral suscepti-

bility terms, corresponding to macroscopical terms ssp,

ppp, sps, pss, sss, and chiral susceptibility terms, cor-

responding to macroscopical terms psp, spp, pps, are

dominant. Additionally, the maximum macroscopically

achiral and chiral terms responding to azimuthal rotat-

ing angle are all 30◦ shifted between ssp and psp, ppp

and psp, sps and pps [39]. Here we take the example of

simultaneous measurements of ssp and psp. Since the

surface is isotropic, the χ
(2)
S,Im with psp term is zero if

the adsorbed molecules are achiral. Hence, the ssp and

psp SFG signals are

Issp ∝
(∣∣∣χ(2)

Q,ssp

∣∣∣2 + 2χ
(2)
Q, ssp · χ(2)

S,Im

)
·IVis (ωVis) IIR (ωIR) (4)

Ipsp ∝
∣∣∣χ(2)

Q,psp

∣∣∣2IVis (ωVis) · IIR (ωIR) (5)

The Ipsp reflects the IR spectral profile. Then, we can

obtain the normalized ssp spectrum, Issp,norm, by divid-

ing Eq.(4) by Eq.(5) as

Issp, norm =
Issp
Ipsp

=

∣∣∣χ(2)
eff,ssp

∣∣∣2∣∣∣χ(2)
eff,psp

∣∣∣2
≈

∣∣∣χ(2)
Q,ssp

∣∣∣2 + 2χ
(2)
Q,ssp · χ(2)

S,Im,ssp∣∣∣χ(2)
Q,psp

∣∣∣2
= c2 + 2c

χ
(2)
S,Im,ssp

χ
(2)
Q,psp

(6)

where c=
χ
(2)
Q,ssp

χ
(2)
Q,psp

. Simultaneously obtaining SFG sig-

nals with both ssp and psp polarization combinations

not only reduces data acquisition time but also elim-

inates the impact of laser instability on the signal-to-

noise ratio (SNR). This method automatically removes

the influence of gas-phase IR absorption on the normal-

ized spectrum under gas environments. Importantly,

it can eliminate inhomogeneity of the particles sample

distribution on surface, and the effect of particles on

light scattering. To improve the SNR of the normalized

spectrum, we can rotate the azimuthal angle of z-cut

α-quartz crystal to get about the same value between

|χ(2)
Q,ssp|2 and |χ(2)

Q,psp|2. And thus,

Issp, norm ≈ 1 +
2χ

(2)
S,Im,ssp

χ
(2)
Q,psp

(7)
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III. EXPERIMENTAL METHODS

A. Sample preparation

The z-cut α-quartz crystal (size, 16 mm×2 mm, ob-

tained from Bright Crystals Technology, Inc.) was care-

fully prepared. The crystal was cleaned using a plasma

cleaner (Tergeo Basic, PIE Scientific LLC) with air as

the gas source. The cleaning conditions were set to a

RF power of 75 W, a treatment time of 5 min, and an

air pressure greater than 25 Pa in the treatment cham-

ber. To load the crystal with the MoC powder particles

from Ma group [44], we prepared the samples by dis-

persing the particles in deionized water, allowing big

particles to settle, then taking the upper layer and di-

luting it again. After another settling step, we took the

upper layer and drop it (∼30 µL) onto the quartz sub-

strate. The excess solution was removed using a vacuum

pump, resulting in a thin layer of MoC nanoparticles on

an area of approximately 100 mm2. Obvious uneven-

ness and aggregation can be seen. Surface scattering is

mainly caused by the aggregation of particles into larger

clumps. Methanol (CH3OD, ≥99.9%, Sigma-Aldrich)

was purified by undergoing several freeze-pump-thaw

cycles prior to use in the experiment.

B. SFG experiments

The experimental setup for broadband IR SFG mea-

surements and a homemade sample cell was described

in detail elsewhere [20, 45]. In brief, a femtosecond

regenerative amplifier (Legend Elite Duo HE-USP, Co-

herent, Inc.) generated 40 fs pulses with 3.2 mJ/pulse,

at the repetition rate of 5 kHz and a central wave-

length of 800 nm. About 2.2 mJ was used to pump

an optical parametric amplifier and non-collinear dif-

ference frequency generator to generate a tunable mid-

IR beam in a potassium titanyl arsenate (KTA) crys-

tal. A picosecond regenerative amplifier (Legend Elite

Duo HE-P, Coherent, Inc.), which shared the same seed

from a Ti:sapphire oscillator (Vitara-T HP, Coherent

Inc.) generated about 1 ps pulse with 3 mJ/pulse. And

then it passed through an air-spaced etalon (SLS OP-

TICS Ltd.) to generate a spectrally narrowed picosec-

ond beam (about 2.6 cm−1 FWHM) used as the visible

(Vis) light. The SFG was generated by focusing the VIS

and the IR beam on the sample surface with both tem-

poral and spatial overlap. The incident angles of VIS

and IR were 43◦ and 55◦ with respect to the surface nor-

mal, respectively. To conduct the SFG measurement, a

z-cut α-quartz crystal loaded with MoC nanoparticles

was placed in a homemade cell, and the crystal tem-

perature can be heated by CO2 laser. The SFG signal

reflected from the sample surface was collimated by an

achromatic lens. To achieve the simultaneous measure-

ments of achiral and chiral SFG terms (ssp and psp in

this work), a Wollaston prism was used to separate s-

and p-polarized SFG light by 1.5◦ in the vertical plane.

A linear polarizer at an angle of 45◦ was placed be-

fore the focusing lens incident on the monochromator,

which was used to maintain the same transmission in

the monochromator and the same quantum efficiency

of CCD for the s- and p- polarized lights as shown in

FIG. 1 (a) and (b). FIG. 1(c) shows two separated

SFG signals were distributed vertically on the CCD.

Two regions of interest (ROI) can be selected and ac-

cumulated. The signal was tilted on the CCD arising

from the spatial chirp of IR light in the vertical direc-

tion. Simultaneous SFG measurement of multiple po-

larization combination has been successfully applied in

several groups. Smits et al. used a displacing prism and

a pair of cylindrical lenses to separate the s- and p- SFG

signals [46], while Tan et al. used a pair of Glan-Laser

polarizers to separate the s- and p- SFG signals [47, 48].

Compared with these two methods, our method using

a Wollaston prism is simpler.

IV. EXPERIMENTAL RESULTS

Molybdenum carbide (MoC) is a well-known cata-

lyst utilized in water-gas reaction and aqueous-phase

reforming of methanol, and it has been extensively in-

vestigated [44, 49]. However, the presence of defects

in the material causes strong absorption in the visible

to infrared range, which makes it challenging to obtain

the vibrational spectrum of adsorbates on its surface.

In this work, we employed MoC nanoparticles loaded

on a z-cut α-quartz crystal to validate our proposed

method for normalizing the infrared spectral profile of

broadband IR SFG.

Two different normalization methods were used: the

SFG spectrum obtained from the bared z-cut α-quartz

crystal surface and the chiral SFG spectrum. The un-

treated MoC nanoparticles were loaded onto the crystal,

the SFG spectra were obtained under vacuum condi-

tions after exposure to 10 kPa CH3OD vapor, followed

by evacuation. FIG. 2(a) shows the original ssp SFG

vibrational spectra from two different positions on the

crystal surface (black and red lines) and the IR spectral
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FIG. 1 Top (a) and side (b) views of SFG collection optical path. Both s- and p-polarized SFG signals generated on the
z-cut α-quartz crystal with loaded MoC nanoparticles are collimated by an achromatic lens, separated by a Wollaston prism
by 1.5◦ in the vertical plane, and repolarized at 45◦ with a linear polarizer. (c) Two separated SFG signals distributed
vertically on the CCD.

FIG. 2 (a) Original ssp-SFG spectra on two different positions (black and red lines) on z-cut α-quartz crystal surface with
MoC nanoparticles and IR spectral profile (blue line) on the clean crystal surface. (b) Original ssp- (red and olive lines)
and psp- (black and blue lines) SFG spectra on two different positions on the crystal surface with MoC. SFG spectra (c)
normalized by the IR spectral profile on the clean quartz surface in (a), and SFG spectra (d) normalized by psp-SFG spectra
in (b). Experimental data of (c) and (d) were smoothed by adjacent-averaging 11 points.

profile obtained from a clean position (blue lines). In

the original spectra, two features are observed in the

C−H stretching range. The SFG signal is significantly

reduced due to absorptions from the MoC nanoparti-

cles and scattering from the aggregated nanoparticles.

Moreover, both SFG spectra are not consistent with

each other, and there is an obvious overall shift. This

problem would become more prominent if the loaded

nanoparticles were thicker. FIG. 2(c) shows SFG vibra-

tional spectra obtained from both positions after nor-

malization by the IR spectral profile. We can find that

the SFG spectrum on position 2 looks better than that

on position 1, which is obviously tilt. The peaks at

2758, 2860 and 2960 cm−1 are assigned to OD stretch,
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FIG. 3 (a) Original ssp- (red and olive lines) and psp- (black
and blue lines) SFG spectra on two different positions on
the z-cut α-quartz crystal loaded with MoC nanoparticles
under 10 kPa CH3OD pressure in the cell. (b) SFG spectra
normalized by psp-SFG spectra in (a). Experimental data
of (b) were smoothed by adjacent-averaging 5 points.

the symmetric stretching vibration, and the Fermi res-

onances of CH3 group of methoxy on quartz [31, 50].

The small feature at 2940 cm−1 is from the hydrocar-

bon contaminants on MoC nanoparticles. FIG. 2(b)

shows the achiral ssp-SFG spectra and the chiral psp-

SFG spectra on the sample from the two positions on

the sample. The ssp-SFG spectra from the two posi-

tions are not consistent with each other due to different

distribution of MoC nanoparticles on the surface. How-

ever, when the SFG spectra are normalized using the

chiral term of psp- SFG spectrum, the spectra obtained

from the two positions show almost the same features,

as shown in FIG. 2(d). The vibrational spectrum of

methoxy on MoC is only observed by pretreating MoC

under high temperature, which will be reported in our

further work.

FIG. 3 shows both the original and normalized SFG

spectra obtained under the 10 kPa CH3OH pressure

in the cell. The original SFG spectra, as shown in

FIG. 3(a), clearly reveal IR absorption from the gas

phase, as well as the physisorption of CH3OH on the

quartz crystal surface. The peaks observed at 2843,

2923, and 2953 cm−1 were assigned to the symmet-

ric stretching vibration and two Fermi resonances of

CH3 group of methanol on the quartz crystal surface,

as previously reported in literuateres [31, 50]. The

features from chemisorption of CH3OH, methoxy, are

much weaker than those from physisorption, and can

not be resolved. Furthermore, FIG. 3 also shows that

the non-uniform distribution of MoC nanoparticles on

the surface, resulting in inconsistent SFG intensities at

different positions and varying surface nonresonance in-

tensities. Despite this, the normalized SFG spectra ex-

hibit a high SNR, and the characteristic peaks of the

adsorbed molecules are discernible at coincident posi-

tions.

V. CONCLUSION

In summary, we have developed a novel method to

normalize broadband IR SFG spectra, which we have

successfully demonstrated methanol on a z-cut α-quartz

crystal loaded with MoC nanoparticles as a model sys-

tem. Our approach’s feasibility and reliability are

verified by comparing the SFG-VS normalized by the

SFG obtained from clean quartz with that normalized

by simultaneously measuring the chiral SFG signal on

quartz. Additionally, we have confirmed the univer-

sality of our method by collecting SFG signals under

gas environments. This work represents a significant

advancement in our ability to obtain vibrational spec-

tra on powder samples in gas environments, and it has

great potential in deepening our understanding of real

catalytic reactions.
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