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The surface/interface species in perovskite oxides play essential roles in many novel emergent physical 
phenomena and chemical processes. With low eigen-energies in the terahertz region, such species at 
buried interfaces remain poorly understood due to the lack of feasible surface-specific spectroscopic 
probes to resolve the resonances. Here, we show that polarized phonons and two-dimensional electron 
gas at the interface can be characterized using surface-specific nonlinear optical spectroscopy in the 
terahertz range. This technique uses intra-pulse difference frequency mixing process, which is allowed 
only at the surface/interface of a centrosymmetric medium. Submonolayer sensitivity can be achieved 
using the state-of-the-art detection scheme for the terahertz emission from the surface/interface. Through 
symmetry analysis and proper polarization selection, background-free Drude-like nonlinear response 
from the two-dimensional electron gas emerging at the LaAlO3/SrTiO3 or Al2O3/SrTiO3 interface was 
successfully observed. The surface/interface potential, which is a key parameter for SrTiO3-based interface 
superconductivity and photocatalysis, can now be determined optically in a nonvacuum environment via 
quantitative analysis on the phonon spectrum that was polarized by the surface field in the interfacial 
region. The interfacial species with resonant frequencies in the THz region revealed by our method provide 
more insights into the understanding of physical properties of complex oxides.

Introduction

The surface and interface of complex oxides attract enormous 
research attention due to their unique electrical, magnetic, and 
chemical catalytic properties [1,2]. Being a prototypical per-
ovskite oxide, strontium titanate [SrTiO3 (STO)] stands out as 
an ideal test bed for exploring multifarious intriguing physical 
and chemical phenomena at heterogeneous interfaces [3], 
because of its multifunctional nature and the capability of fab-
rication and modification with atomic-level precision. The 
collective elementary excitation and coupling present at the 
surface/interface play a key role in those emergent unique prop-
erties [4,5]. For example, at the FeSe/STO interface, it is believed 
that both low-frequency phonons in STO and interfacial band 
bending are vital for the enhancement of superconductivity 
[6,7]. The nontrivial topological vortex/antivortex forming at 
the interface of PbTiO3/STO, the collective resonance of which 
lies in the terahertz (THz) range, provides an alternative choice 
for post-Moore electronic devices [8]. In the case of STO-based 
photocatalysis, the facet-dependent surface potential is con-
sidered as the essential factor for electron-hole separation 
and charge transfer across the interface, through which water 

splitting with almost unity quantum efficiency can be realized 
[9–11]. However, the experimental interrogation of fundamen-
tal excitations at surfaces/interfaces in the THz range remains 
challenging because few surface-specific probes with chemical 
selectivity are available, especially in hostile environments such 
as nonvacuum conditions or buried interfaces.

Second-order nonlinear optical spectroscopy, such as sum- 
frequency spectroscopy (SFS), has been widely employed to 
study surfaces and interfaces in multidisciplinary areas. Being 
an all-optical detection scheme, it is the method of choice to 
probe electronic or vibrational resonances in various com-
plex interfacial systems with submonolayer sensitivity [12]. 
Unfortunately, for resonant frequency below 15 THz, employ-
ing SFS is extremely difficult because of the lack of intense THz 
light source or a feasible detection scheme that can distin-
guish the weak sum-frequency signal from the pump light. As 
a result, over the past decades, applications of surface-specific 
nonlinear optical spectroscopy have been limited to systems 
with resonant frequencies ranging from mid-infrared (IR) to 
ultraviolet. Bear in mind that many important excitations lie 
in the THz range [13,14], e.g., lattice vibrations, quasi-particles 
in quantum materials, and hydrogen-bond vibrations in 
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biomolecules. Thus, the development of surface-specific optical 
spectroscopic techniques to resolve these surface resonance 
features in the THz range is desired.

Contrary to the well-established SFS, difference frequency 
spectroscopy (DFS) was eventually ignored for the study of 
surface vibrational resonances after a few attempts [15,16] due 
to the following major difficulties: (a) much lower dipole radi-
ation efficiency of the IR than the visible, (b) lack of highly 
sensitive detectors for the mid-IR or far-IR photons, and (c) 
large background noise from fluorescence and black body radi-
ation. However, in the THz range, DFS naturally possesses an 
obvious advantage over SFS, because DFS does not require an 
intense IR pump beam, which is unfortunately very difficult to 
attain below 15 THz. Several studies on the THz emission from 
the surface of semiconductors or metal have been reported 
using optical rectification (or, in general, degenerate DF gen-
eration) [17–20]. Yet, the resonant features, which are the 
fingerprints of surface species, were not resolved in those pio-
neering works. Furthermore, the THz emission observed in 
those works requires necessarily large nonlinearity of, e.g., the 
free carriers in metal [17] or photo-carriers in semiconduc-
tors [18]. Other recent studies of optical rectification on two- 
dimensional materials, including monolayer graphene [19] and 
transition-metal dichalcogenides [20], also need large nonlin-
ear responses owing to strong enhancement through electronic 
resonances. Thus, it remains unsettled whether optical rectifi-
cation or DFS is a viable surface-specific tool with chemical 
selectivity for surface science in general. In this work, using 
STO as an example, we exploit the potential of DFS as an effec-
tive surface-specific analytical remote probe with submon-
olayer sensitivity for low-frequency excitations at the interface 
of complex oxides. We expect the THz-DFS to benefit multi-
disciplinary surface studies, including chiral vibrations of 
biomolecules and collective motions of hydrogen-bonding 
networks at interfaces [21,22].

Difference frequency spectroscopy
Being a second-order nonlinear process, DFS is forbidden 
in the bulk of centrosymmetric medium under electric dipole 
approximation but is allowed at the surface/interface, where 
translational continuity is necessarily broken. As for THz-DFS, 
akin to the formalism of SFS, the field spectrum of generated 
THz radiation can be expressed as [12]:

with

and E(ω) is the spectrum of the pump field. Here, the effective 
second-order surface nonlinear susceptibility, � (2)

s,eff
, contains 

both � (2)
s  from the surface structure and � (3)

B
∫ E0(z)eiΔkzdz 

from surface field-induced polarization in the depletion layer, 
with � (3)

B
 being the third-order nonlinear susceptibility of the 

bulk and E0(z) being the depth-dependent static surface field 
[23]. Δk is the phase mismatch along surface normal. In the 
case that the coherence length lc = 1/Δk is much larger than 
the thickness of the depletion layer, the second term on the 
right hand side of Eq. 2 reduces to

where Φ is the surface potential [24]. Thus, � (2)

s,eff
 can be used 

to characterize both the surface structure and the surface 
potential, Φ. In the study of a buried interface or multilayer 
materials, the main advantage of THz-DFS over second har-
monic spectroscopy is that the former probes a selected side of 
the target interface with chemical sensitivity, while the latter 
contains contributions from all interfaces [25].

In the experiment, the THz radiation is generated via intra-
pulse DFS of a femtosecond pump pulse from a surface/interface 
(Fig. 1A and B). In contrast to conventional difference frequency 
mixing (DFM) process, in which typically two input beams are 
involved, the intra-pulse DFM uses the frequency components 
within the spectral range of the pump pulse. Thus, in measure-
ment, only a single ultrashort pulse with a broad bandwidth is 
required to pump the sample. Generally, the magnitude of � (2)

s  
for a surface/interface is in the range of 10−20 to 10−22 m2/V. 
Using 1 TW/cm2 pump intensity, the field strength of the THz 
output is estimated to be in the order of 100 to 10−2 V/cm. Such 
a weak THz radiation can be measured using the state-of-the-art 
electro-optic sampling (EOS) technique. EOS measures THz 
field, ETHz(t), transients coherently in the time domain but largely 
suppresses thermal or fluorescence background. Then, the spec-
trum of THz field, ETHz(Ω), can be obtained from the Fourier 
transformation of ETHz(t). Recently, we managed to improve the 
detection in our EOS to a sensitivity [26] of 5 × 10−8 rad Hz−1/2 
for 100-kHz femtosecond laser system, which corresponds to 
the detection sensitivity of � (2)

s  reaching 2 × 10−21 m2 V−1 Hz−1/2 
(see Methods). It is sufficient to probe submonolayer thick inter-
facial species with � (2)

s ~2 × 10−22 m2/V with an acquisition time 
of 100 s. The sketch in Fig. 1D shows the key components of the 
THz-DFS measurement apparatus (see Methods for details).

Methods

Experimental setup
The experimental setup of THz-DFS is shown schematically in 
Fig. 1D. The system is based on a Yb:KGW regenerative amplifier 
(Light Conversion PHAROS) operating at 100-kHz repetition 
rate. The amplifier output centered at 1,030 nm undergoes a 
nonlinear spectral broadening stage as described elsewhere [27]. 
After reflecting on a set of chirped mirrors, the pulse was com-
pressed to 26 fs. A tiny portion was picked out by a beam splitter 
to be used as the probe pulse in EOS, while the majority pumps 
the intra-pulse difference frequency generation (DFG) process 
on the sample surface/interface. The incident pump was 44 μJ 
in energy per pulse and is focused to 0.5 mm (1/e2 diameter) on 
the sample. An achromatic half wave plate is used to rotate the 
pump polarization. The emitted THz pulse in the reflecting 
direction was collimated and refocused onto a 0.3-mm-thick 
GaP(110) crystal by a pair of parabolic mirrors with 200- and 
100-mm focal length, respectively. Between the two parabolic 
mirrors, a broadband wire grid polarizer was used as the analyzer 
for the THz radiation. The reflected residual pump was filtered 
out by a Teflon plate. The whole THz beam path was purged with 
dry air to avoid vapor absorption. The probe beam was com-
bined collinearly with THz beam by a Ge wafer. The relative 
delay between the THz beam and probe pulse was controlled by 
a delay line stage shown in Fig. 1D. By varying the delay, the THz 

(1)ETHz(�)∝�
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waveform in time domain was measured by recording the polar-
ization change of the probe in EO crystal at different delay. The 
polarization change was measured using the balanced detection 
scheme consisting of a silicon photodiode-based balanced detec-
tor (Newport Nirvana) and a lock-in amplifier as shown in Fig. 1D. 
The measured THz waveform is transformed into frequency 
domain via fast Fourier transform (FFT) algorithm with time 
interval being 0.04 ps corresponding to the interval of time delay 
in EOS measurement. After the data processing procedure 
described in Section S3, the corresponding spectra of � (2)

s,eff
, 

including real and imaginary part, can be obtained.

Sensitivity of THz-DFS setup
The noise spectrum of our THz-DFS measurement setup with 
integration time over 100 s (10 million pulses) is shown in Fig. 
S6. Above 1.0 THz, the noise level is 2 × 10−22 m2/V, which 
corresponds to 5 × 10−8 rad∕

√

Hz in our EOS measurement 

[26]. Below 1.0 THz, the sensitivity becomes worse toward 
the low frequency because of the loss by diffraction and the 
weaker radiation of the oscillating dipoles at lower frequen-
cies. Notice that � (2)

s,eff
 of a self-assembled monolayer is in the 

order of 1 × 10−21 m2/V. Thus, the sensitivity of our setup is 
sufficient for the detection of surface species with submon-
olayer thickness.

Results
To examine the validity of THz-DFS for probing the low- 
frequency resonances at surfaces and interfaces, STO interfaces 
with or without heterogeneous overlayers were chosen as 
the representatives. The DF process is not allowed in the cen-
trosymmetric bulk of STO. At the interface, it is known that 
oxygen vacancies in the near-surface region of STO lead to 
band bending that breaks the centrosymmetry in the interfacial 

A

D

B

C

Fig. 1. Terahertz difference frequency spectroscopy. (A) Schematic of surface difference frequency generation from STO(001). (B) Energy level diagram of intra-pulse difference 
frequency generation. Ω, frequency component of THz output; ω, frequency component in the pump pulse. (C) Schematic of the band bending at the STO surface/interface. 
CB, conduction band; VB, valence band. (D) Sketch of the experimental setup. BS, beam splitter; HWP, half-wave plate; P, linear polarizer; L, lens; F, Teflon filter; OAP, off-angle 
parabolic mirror; QWP, quarter-wave plate; WP, Wollaston prism.
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region (Fig. 1C). Therefore, the DFS spectrum must consist of 
contributions from the true surface layer and the surface elec-
tric field-induced polarization in the band-bending region, 
corresponding to � (2)

s  and � (3)
B

∫ E0(z)eiΔkzdz in Eq. 2, respec-
tively [28]. Through symmetry analysis on the TO1 phonon 
polarized in the band bending region, one can show that the 
second term in Eq. 2 is allowed in ppp-polarization combina-
tion (p-polarized THz emission and p-polarized pump fields, 
�
(3)
B,zzzz

≠ 0) but vanishes in pss (p-polarized THz emission and 
s-polarized pump fields,� (3)

B,zzyy
= 0) (see Section S3). The true 

surface term, on the other hand, exists in pss (� (2)
s,zyy ≠ 0). Thus, 

through proper selection of polarization combination, one can 
probe the two contributions separately.

It is well known that the two-dimensional electron gas 
(2DEG) emerges at the interfaces of Al2O3/STO or LaAlO3/
SrTiO3 (LAO/STO) when the overlayer reaches critical thick-
ness [29,30], but is absent for bare STO surface, SiO2/STO, or 
thin LAO/STO interfaces. The DFS signal from 2DEG is non-
vanishing under pss-polarization (see Section S3). The DFS 
waveform from the 20-nm Al2O3/STO interface is presented 

in Fig. 2A measured under pss-polarization at room tempera-
ture. The linear dependence of THz amplitude on pump inten-
sity confirms the signal resulting from the second-order nonlinear 
process (see Section S1 and Fig. S1). After Fourier transform 
and normalization against a reference quartz, we display the 
resultant imaginary parts of the DFS spectrum in Fig. 2B. The 
imaginary spectrum, Im�

(2)

s,eff
, is more informative as it explic-

itly characterizes the surface/interface resonances. Figure 2B 
and D presents the imaginary spectra from various STO inter-
faces. The Drude-like behavior of 2DEG diverging toward the 
low frequencies is clearly observed in the DFS spectra for 
20-nm Al2O3/STO and 6-unit-cell LAO/STO. In contrast, the 
DFS spectra of 2-unit-cell LAO/STO, 50-nm SiO2/STO, and 
air/STO interfaces essentially show no signal in the spectral 
range of 1 to 4 THz, signifying that no 2DEG exists at these 
interfaces [29]. The DFS spectra for the interfaces of 20-nm 
Al2O3/STO and 6-unit-cell LAO/STO can be nicely fitted using 
the hydrodynamic model of free carriers [31]. It is worthwhile 
to mention that, although 2DEG can also be characterized 
using linear reflection spectroscopy, the measured spectrum 
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Fig. 2. THz-DFS of 2DEG at STO interfaces. (A) THz waveform from bare STO(001) (gray), 20-nm-thick Al2O3/STO(001) (dark blue), and 50-nm-thick SiO2/STO(001) (blue) 

under pss-polarization combination. (B) Spectra of Im�(
2)
s,eff

 corresponding to (A). (C) THz waveform from 2-unit-cell (u.c.) LAO/STO(001) (light green) and 6-unit-cell LAO/

STO(001) (dark green). (D) Corresponding Im�
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 spectra to (C). Dark blue curve in (B) and dark green curve in (D) serve as eye guide.
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consists of a huge background from the bulk [32], causing 
difficulties in deducing the 2DEG spectrum unambiguously. 
Moreover, the contributions from 2DEG at the interface and 
the doping carriers deeper in the bulk are hardly separable in 
the linear spectroscopy. In contrast, the THz-DFS is capable of 
characterizing 2DEG and other species at the surface/interface 
that naturally eliminates the bulk background.

Surface/interface potential is not only critically important 
for the electronic properties at the interface, including the 
emergence of 2DEG, but is the essential factor for electron-hole 
separation and charge transfer across the interface in chemistry. 
In STO, the surface oxygen vacancy or charge transfer at the 
heterogeneous interface causes band bending in the interfacial 
region [33–35]. Accordingly, the lattice structure of STO is 
polarized by the electric field in the band bending region. The 
broken centrosymmetry of STO in the interfacial region can 
be measured by DFS by monitoring the polarized phonon that 
is directly related to the surface/interface potential, Φ. Thus, 
once the � (3)

B
 spectrum of STO is calibrated in prior (described 

in Section S5 and Figs. S4 and S5), Φ can be determined in situ 
using THz-DFS following Eq. 2 or 3.

Figure 3A and B displays the DFS waveform, amplitude, imag-
inary, and real spectra of bare STO in dry air under ppp-polar-
ization combination. A single resonant peak is recognized at 
2.8 THz with 0.7-THz bandwidth (full width at half maximum, 
FWHM) in the DF spectrum, which can be readily assigned to 
the TO1 phonon of STO [36]. As compared in Fig. 3C, the DF 
spectrum of bare STO surface shares the same resonant frequency 

and linewidth with the linear absorption spectrum of the TO1 
phonon in bulk STO [36]. Note that the effective thickness of the 
band-bending region is ~100 nm for a pristine STO, which is two 
orders of magnitude greater than that of a typical surface layer. 
Thus, the ppp-DF spectrum of STO is dominated by surface 
electric field-induced polarization over the pure surface contri-
bution. As compared also in Fig. 3C, the ppp-DF spectra of Al2O3/
STO and bare STO exhibit the same resonant features, except for 
the amplitude of the TO1 mode due to the difference in interface 
potential (see Eq. 3).

Figure 4A compares a set of ppp-DFS spectra of air/STO, 
SiO2/STO, Al2O3/STO, and LAO/STO interfaces. It is notewor-
thy that the center frequency and bandwidth of all Im�

(2)

s,eff
 

spectra in Fig. 4A are the same. The absence of extra spectral 
mode evidently shows the � (3)

B
 contribution from band bending 

region dominated the measured spectra [37]. The correspond-
ing surface/interface potential deduced using Eq. 2 or 3 is plot-
ted in Fig. 4B. The interface potential of STO with 20-nm-thick 
Al2O3 overlayer was found to be +0.58 V, which agrees with 
that determined by x-ray photo-emission spectroscopy (XPS) 
[38]. It confirms the validity of our optical technique for the 
measurement of surface/interface potential. In Fig. 4B, we see 
no clear correlation between surface/interface potential and 
the emergence of 2DEG. In particular, the ppp-DF spectra for 
6-unit-cell LAO/STO and 2-unit-cell LAO/STO are essentially 
the same (see inset of Fig. 4A), indicating the same interface 
potential of +0.45 V, although the former hosts 2DEG at the 
interface. It suggests that increasing LAO thickness does not 
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cause an obvious change in the interface potential but may lead 
to the formation of a dipole layer across the interface that cre-
ates a potential well at the topmost layers of STO for the con-
finement of 2DEG [39]. These results demonstrate THz-DFS 
as a feasible tool to quantify the surface/interface potential, 
with unique advantages including chemical selectivity through 
resonances, functionality for buried interfaces, and remote 
monitoring.

Discussion
Our work established THz-DFS as a viable surface-specific non-
linear optical spectroscopic method for probing low-frequency 
resonances on the surface or at the buried interface. As a demon-
stration, STO(001) surface and interfaces with different heter-
ogeneous overlayers were investigated. The resonant features 
of interfacial species and the surface/interface potential were 
characterized with THz-DFS. The sensitivity of THz-DFS also 
satisfies the detection requirement of submonolayer surface 
species in general using the state-of-the-art EOS technique. In 
contrast, the well-established SFS found successful applications 
in probing the elementary vibrations in the mid-IR region, e.g., 
the chemical and biological materials composed of light atoms. 
Our approach opens up new opportunities for exploring 
low-frequency vibrations and emergent species on surfaces or 
at buried interfaces in various environments.

As an outlook, the detection bandwidth of THz-DFS that 
we demonstrated here is limited by the EO crystal. Using a 
high-quality organic EO crystal, the detection bandwidth 
can reach beyond 5 THz. Research in this frequency range 

is intriguing because collective excitations at the interface of 
various condensed matter systems occur between 5 and 15 THz, 
such as superconducting gap, heavy Fermion plasmons, and 
soft mode in ferroelectricity.
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interface potential of STO(001) in various conditions.
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