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INVITED REVIEW

Phonons at functional oxide interfaces:
An in situ sum-frequency spectroscopic perspective
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Functional oxides host emergent interfacial phenomena from superconductivity to catalysis, intimately tied to lattice
phonons that mediate many-body interactions. Sum-frequency generation (SFG) spectroscopy, a second-order nonlinear
optical technique with intrinsic surface specificity, enables in situ and operando probing of lattice vibrations at surfaces and
interfaces. In this review, we introduce the basic theory of SFG and survey its application in investigating functional oxide
surfaces and interfaces — tracking oxygen vacancies on anatase TiO,, unveiling electron—phonon coupling modulation in
LaAlO3/StTiOj3 heterostructures, and detecting polaronic signatures in Nb-doped SrTiO3 — thereby offering microscopic

insights into the physics of oxide interfaces.
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1. Introduction

In recent decades, functional oxide surfaces and inter-
faces have emerged as a forefront research focus in condensed
matter physics and materials science. They exhibit a wealth
of emergent phenomena not observed in their bulk counter-
parts, such as superconducting two-dimensional electron gas
(2DEG),!""* Rashba spin—orbit coupling (SOC),>~"! interface
ferromagnetism, 8191 and giant photoelectric response.!'!!2]
These phenomena primarily arise from the intricate interplay
among charge, spin, orbital, and lattice degrees of freedom.
For example, in 2010, the Caviglia group demonstrated con-
tinuous and reversible modulation of the Rashba coupling con-
stant and spin splitting at the LaAlO3/SrTiO3 (LAO/STO)
interface via an external gate voltage, confirming the crit-
ical influence of the interfacial electric field in tuning the
Rashba effect.®) In 2019, Hwang and co-workers first ob-
served superconductivity in infinite-layer nickelate grown on
an STO substrate, inferring a possible connection to orbital
polarization.!'3! In 2023, the Lee group reported persistent
photoconductivity in LAO/STO, revealing that it originates
from interactions between interfacial oxygen vacancies and
electrons.!?!

Among the various factors determining the physical
properties of functional oxides, phonons — the representa-
tive of lattice dynamics — play a crucial role. Phonons
are quantized collective lattice vibrations (normal modes)
that can be classified into acoustic or optical branches.!!4]
In functional oxides, metal-oxygen (M-O) stretching typi-
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cally contributes to optical vibrational modes with sizeable
dipole moments.">! These modes are therefore closely re-
lated to the IR-active phonons frequently probed in vibra-
tional spectroscopies.!'®! At surfaces and interfaces, symme-
try breaking, reconstruction, and defects can further local-
ize or modify these M—O-related modes, giving rise to sur-

[I7.18]' A5 quantized collective excita-

face/interface phonons.
tions of lattice vibrations,!'*! phonons participate in a series
of unique phenomena at surfaces and interfaces, such as lo-
calized interfacial electronic states,'>?°] band splitting, [*!]
and emergent modes, >4l due to lattice mismatch and in-
terface reconstruction. Therefore, in-depth study of interfa-
cial phonons is essential for understanding the correspond-
ing microscopic mechanism. There have been extensive stud-
In 1994, Kar-
manenko and co-workers employed Raman spectroscopy to
study YBa;Cu30;_5/SrTiO3/YBay;CuzO;_g heterostructures.

Through analysis of the intensity of three Raman-active vi-

ies on lattice phonons in functional oxides.

brational modes, the crystal orientations were determined, and
the structural quality was assessed based on frequency shifts
and the full width at half maximum (FWHM) of the Ra-
man peaks.[>! In 2025, Xiong and co-workers combined elec-
tron energy loss spectroscopy (EELS) with ultrafast pump-
probe spectroscopy to observe coherent optical phonons in
FeSe/Nb:STO, revealing the strong electron—phonon coupling
(EPC) of FeSe films and Nb:STO substrate, and providing ev-
idence for its role in enhanced superconductivity. ¢!

These systems involve buried interfaces, which necessi-
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tate probing with penetrating capability. However, the in-
creased penetration depth often compromises interfacial speci-
ficity. Sum-frequency generation (SFG) and second-harmonic
generation (SHG) are techniques based on second-order non-
linear optical processes. Under the electric dipole approxima-
tion, only phonons at surfaces and interfaces exhibit the SFG
response; therefore, it is capable of detecting signals from
within a few monolayers at surfaces and interfaces.?”! Pre-
viously, SHG has been widely employed in studies of oxide
interfaces.[?8! It detects overall symmetry changes in interfa-
cial electronic states, with its signal arising from non-resonant
electronic nonlinear responses. Meanwhile, as a spectroscopic
technique, SFG can further identify resonance modes by com-
bining tunable infrared (IR) and fixed-frequency near-infrared
(NIR) photons. This feature enables SFG to elucidate more
underlying microscopic mechanisms associated with symme-
try breaking, making it a powerful in situ experimental tool for
exploring microscopic interfacial phonon behaviors. >}

2. Theoretical basis

Sum-frequency generation arises from the second-order
nonlinear polarization in a medium induced by optical
fields.[>*3% The optical fields E(®;) and E(a;) interact and
generate a nonlinear polarization P(®s; = @; + ;). Under the
electric-dipole approximation, the SFG process is governed

@) )
. This
intrinsic material property determines the efficiency of three-

>
by the second-order nonlinear susceptibility tensor ¥

wave mixing. Under the inversion symmetry operation, both
the polarization P and the electric field E undergo a sign re-
versal. Consequently, the second-order nonlinear polarization,

~(2)
P? =gXx :E(w)E(m),remains self-consistent after the

«(2)
operation only if ¥ = 0 in inversion symmetry systems.
Nevertheless, the intrinsic symmetry breaking at surfaces and

interfaces leads to the non-vanishing nonlinear susceptibility,
<(2)
Xs # 0, permitting the generation of the sum-frequency sig-

nal. It is this fundamental mechanism that endows SFG with
its inherently high sensitivity to interfaces.*”]

For phonon spectroscopy, the SFG process consists of an
IR and a Raman process. The corresponding quantum process
is illustrated in the inset of Fig. 1. When a narrowband NIR
beam and a tunable broadband IR beam overlap on the sam-
ple surface spatially and temporally, a coherent sum-frequency
(SF) beam is generated. As the tunable infrared light fre-
quency @R coincides with an interfacial optical phonon mode
oy, xw(z) exhibits resonant enhancement, giving rise to a char-
acteristic peak in the sum-frequency spectrum. This process is
described by

+(2)
2) Ay

2 )7
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Here, X yr is the nonresonant contribution, while A q > D and

I, denote the amplitude, resonant frequency, and the damping

<(2)
coefficient of the ¢ resonance.*”! Thus X = embodies the

quantum mechanical probability for the optical transition. Un-
2
q

to the product of the Raman polarizability and the IR dipole

s
der the quantum mechanical framework, A, is proportional

derivative for the ¢™ mode:

<0 26" op
¢ =30, 90,

25"

IO

tive % respectively determine Raman and IR activities of the
q

Here, the Raman polarizability and the IR dipole deriva-

g™ mode. This relationship delineates another fundamental
selection rule in the SFG process: only vibrational modes ex-
hibiting both infrared and Raman activity are detectable in the
SFG phonon spectrum. 3]

The SFG interaction complies with the conservation of
energy and in-plane momentum:

hsg = hon +hOR,
k| (osF) =k (onR) + k) (OR ),

Ak = |k, (wsp) — k) (oNR) — k1 (@R )] is the wave vector mis-
match in the interface vertical direction, and [, = 1/Ak is
the optical coherence length of the SFG process. For cer-
tain oxides, there may exist a strong surface electric field,
which can effectively break the inversion symmetry within the

space charge region. This leads to an effective bulk nonlin-
«(2) «(2)
ear optical contribution X , and the total ¥  is expressed as
«(2) =02 @)
=Xg +1iXg [s. Here [ is the smaller of /. and It, where

It is the thickness of the surface field across the space charge
region. 3]
The intensity of this SFG signal is given by

2
I(awsF) o< xe(ff)‘
N < <—>(2) — N > R 2
= ’[GSF'LSF] ‘X [LNR - énr][LiR - é1r]

Here, xéfo) is the effective second-order nonlinear susceptibil-

ity. @y, Z,-, and é; denote the angular frequency, the tenso-
rial Fresnel transmission coefficient, and the unit polarization
vector, respectively, with the subscript i representing the SF,
NIR, and IR beams. By measuring spectra with different beam
polarization combinations (e.g., SSP denotes S-polarized SF
output, S-polarized NIR input, and P-polarized IR input, re-
spectively), the tensor elements of xe(fz) can be deduced. For
instance,
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) 5(2) 0
Xssp = 10, Lyy (), 01X @ | Lyy (ONIR)
0

2
XlgP)P =

Here, (x, y, z) are the laboratory coordinates, with x—z taken as
the plane of incidence, where 6; represents the angle between

<~
the i" beam and the normal. The X
the laboratory coordinates (x, y, z) are related to those in the
crystal coordinates (a, b, ¢) by

28 =Y, 22 GG ) (k7).

where i, j, k € {x,y,z}, [, m, n € {a,b,c}. In our SFG mea-
surements, as shown in Fig. 1, (x, y, z) are established with

elements expressed in

the z-axis oriented along the sample surface normal (as well as
the c-axis), and the a-axis perpendicular to the incident plane
[translucent vertical plane in Fig. 1]. When the crystal ¢-axis
is oriented at an angle ¢ relative to the plane of incidence, the
unit vectors in the crystal frame transform into the laboratory
frame as d@ = cos X+ sin @7, b= —sin @px+cos@y,and ¢ =2Z.

- q-lo)
NIR| |SF

“ﬂ—‘:‘@?@\
N\

2]
NG

Fig. 1. The experimental configuration with the sample placed at an azimuthal
angle ¢ with respect to the beam incident plane. The yellow, red, and blue
beams denote NIR, IR, and SF beams, respectively. Inset: The transition dia-
gram of an SFG process for phonon detection. An IR photon excites a phonon
coherence (|ph)) from the ground state (|g)), upconverted by a NIR photon to
a virtual state (|v), an intermediate state derived from nearby electronic states),
and emits an SF photon.

The structural symmetry of a medium governs the sym-
metry of its nonlinear susceptibility tensors. More specifi-
cally, each crystal point group defines a distinct set of sym-
metry operations, dictating which tensor elements vanish and
which are interrelated. Therefore, through the analysis of ten-
sor elements, microscopic information at the interface, such
as structural symmetry, can be derived, as we shall elaborate
below.

3. SFG phonon spectroscopy of selected oxides
3.1. Anatase TiO, surface

We adopted the widely studied (101) surface of anatase
TiO, as a demonstration to illustrate how SFG can be

= [—Ly (wsF) cos Bsg, 0, L., (wsF) sin Osg] X

Lyx (wlR) cos Or
0 b
L, (wIR) sin Or
@) | Lo (OnR)cOSONIR | | Lix (@1R) cOS O
0 0
L, (on1R) sin ONIR L, (o) sin O

employed to probe surface phonons and characterize their
physical properties.!??! Raman spectroscopy (blue curve) in
Fig. 2(a) showed the two highest-frequency Raman-active
transverse optical (TO) phonon modes of the bulk anatase at
543 cm~! and 667 cm~!.12233] However, the SFG spectrum of
the same sample (red curve) revealed a new resonance peak at
~ 860 cm~!. By combining with first-principles calculations,
we assigned this vibrational mode to the stretching vibration
between the five-coordinated surface titanium ions [Ti(5c¢)]
and their adjacent three-coordinated oxygen ions [O(3c)], as
shown in Fig. 2(b). Ti(5c¢) is a highly localized active site on
the anatase (101) surface, and this phonon mode serves as a
direct “spectral fingerprint” for characterizing such surface ac-

tive sites.
Z 1.0 0%
5 2 08 -p=0 PPP
3 L — @ =180°
k= 8
g v E
5 0 0 5 E
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Fig. 2. Structure and phonon spectra of the anatase(101) surface. (a) Reflected
Raman (blue curve) and SFG (red curve) spectra from an anatase(101) surface,
with all beams being P-polarized. (b) Structure of anatase(101). Ti(5c), O(2c),
and O(3c) denote five-coordinated surface titanium, two and three-coordinated
oxygen ions, respectively. Yellow arrows describe the displacements of Ti(5¢)
and O(3c¢) associated with the surface phonon mode. (c¢) SFG spectra at vari-
ous ¢ with different beam polarization combinations. Black (red) curves are
spectra taken at ¢ = 0° (180°). Data adapted from Ref. [22].

We applied symmetry analysis to interpret the spectral
features. The anatase(101) surface belongs to the Cj, point
group and exhibits mirror symmetry with respect to the plane
perpendicular to the [010] axis. We set a || [101] (paral-
lel to the mirror plane), & || [010] (perpendicular to the mir-
ror plane), and c||[101] (corresponding to the surface nor-
mal). The Cj, point group contains the symmetrical opera-
tions: @ — a, b — —b, ¢ — ¢.3* Based on the relationship
between the vibrations and this mirror plane, they are clas-
sified into two irreducible representations: A’ and A”. The A’
mode is symmetric with respect to the mirror plane, and the in-
frared transition dipole moment lies parallel to the plane. The
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A" mode is antisymmetric with respect to the mirror plane,
with the infrared transition dipole moment perpendicular to it.
First-principles calculations indicated that the 860 cm™! mode
belongs to the A’ irreducible representation. Based on point-
group symmetry analysis, the response of the anisotropic A’
mode corresponding to ¢ = 0° (Fig. 1) and 180° in the SSP
and PPP spectra is described as

2 (SSP)|, = [pa - cos O Ll (ere)
+ U - sin GIRLDZ(O)IR)]’
2V (PPP)| | = [y - cos O Ll (ere)

+ U - sin GIRLDZ(O)IR)]'

Here u, () is the infrared transition dipole moment along
the a (¢) axis. The sign “4+” (“—”) corresponds to ¢ = 0°
(180°). Figure 2(c) shows the azimuth-dependent spectral re-
sponse under different polarization combinations, in line with
the A" irreducible representation. Furthermore, the spatial ori-
entation of Ti(5¢)-O(3c) bonds can be deduced from quantita-
tive tensor element analysis based on the spectral anisotropy.
We obtained |(Uy/lc)| = 0.47 +0.02, which represents the

the dipole moment tilting angle from the c-axis ([101]) was de-
rived as arctan(, /1) = 25+ 5°, close to the theoretical pre-
diction. This finding confirms the assignment of the 860 cm™!
mode and verifies the surface-specific origin of SFG spectra.
We used the identified ~ 860 cm ™! surface phonon mode
as an in situ probe to track the structural evolution of the
anatase(101) surface under operando ultraviolet (UV) irradi-

The UV light has a central wavelength of 368 nm
2

ation.
and a power density of about 20 mW/cm~. Under ambient
conditions, the SFG signal intensity of the ~ 860 cm~! sur-
face phonon mode decreased sharply upon UV illumination in
Fig. 3(a). This is attributed to the formation of surface oxy-
gen vacancies [V%“f, shown in Fig. 3(b)].>) UV radiation re-
duces the stability of oxygen vacancies, activating their migra-
tion from the bulk to the surface. On the anatase(101) surface,
oxygen vacancies preferentially form at two-coordinated oxy-
gen sites, causing the adjacent Ti(5c) to transform into a four-
coordinated [Ti(4c)] configuration. 337! Since the SFG signal
intensity is proportional to the areal density of surface Ti(5c)
sites, the reduction in Ti(5c) concentration directly leads to
the observed signal attenuation. Consequently, the decrease in
SFG signal intensity reflects an increase in the population of

projection of transition dipole moments. Based on the above, V%‘rf .
(@) 1F = Before UV ©034 = ® -
= Slope=1.2 Ac- e
= | =muv £ 0.6 +
g n £ CB(Ti 3d)
s ‘i\oz 0.4+ Defect oml eme o= omp! o' =
€ = uy h+ NIR/IR
o | 202 <“WW\ A <V
7 E ~<~\W\ |
0 : ) » 4 VB(O 2p) L
700 800 900 1000 40 60 80 100 lint Lir
Wavenumber (cm!) NIR power (%)
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C
(© 03 100
S
> S
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(72} ] — 0.2 o
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< < 27
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2 =
-0
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Fig. 3. Operando SFG phonon spectra from anatase(101) under various conditions. (a) Spectra in pure nitrogen gas before (grey curve) and
in (red curve) UV irradiation, with PPP polarization combination. (b) Preferential locations of Vf)“rf and Vﬁ)”b on anatase(101), marked with
dashed circles. (c) Evolution of the phonon intensity in pure oxygen, saturated methanol vapor, and pure nitrogen gases in response to UV

irradiation and oxygen dosage. (d) Energy difference AE = E (Vf)urf )—

E (V%‘b) in various ambient gases obtained from ab initio calculation

(open circles). Vertical columns represent percentage drop of the 860 cm™! peak after a constant UV irradiance in various ambient gases. (e)
Power dependence of the surface phonon intensity drop with respect to the NIR irradiation power. Straight line is a polynomial fit. (f) Excitation
schematics upon the UV (left panel) or NIR (right panel) irradiations. Data adapted from Refs. [22,41].

To confirm that the variation of the SFG signal was de-
rived from V%’rf, we conducted measurements in different gas
environments. In a pure oxygen environment, the 860 cm™!
signal decreased only slightly upon UV irradiation and fully
recovered after the UV was switched off. This indicates that
V%"f were replenished by oxygen. In other ambient gases, the
intensity reduction under UV exposure was more pronounced
than in oxygen, as shown in Fig. 3(c). Notably, although the

860 cm~! peak diminished under UV irradiation, it did not
vanish completely. This indicates that while UV exposure pro-
motes the generation of V%“f, these vacancies are inherently
unstable and tend to migrate inward, forming subsurface va-
cancies [V%‘b, shown in Fig. 3(b)]. These two competing pro-
cesses reach a dynamic balance, resulting in a finite concentra-
tion of V%"f. Experimentally, in methanol vapor, water vapor,
nitrogen, and hydrogen, the percentage drop of SFG intensity
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after UV exhibited an inverse correlation with the calculated
energy difference (AE) between V%lrf and Vg*b in Fig. 3(d).
This observation confirmed that the stability of V&™ varies
with ambient conditions. Here, methanol and water slightly
dope the surface conduction band with their oxygen lone pair
electrons, thereby enhancing the stability of V%“f. (38401 Nitro-
gen and hydrogen produce a low surface coverage through van
der Waals interaction with the anatase surface, contributing to
a certain stabilizing effect on oxygen vacancies. !

Notably, we observed a gradual drop in the surface
phonon intensity of the anatase(101) surface upon continu-
ous irradiation with NIR and IR photons.*!! This shows that
even low-energy photons can increase the V%‘rf densities at the
anatase surface. Figure 3(e) shows the percentage of photon
intensity drop per unit time with the NIR power varied (rela-
tive to the full power). On the double-logarithmic scale, the
signal drop rate shows a power-law slope of about 1.2. This
suggests that the two-photon contribution is minor in our case
[orange dashed line in the right panel of Fig. 3(f)]. However,
since the bandgap of anatase is about 3.2 eV, the 1.5 eV NIR
photons cannot directly excite electrons from the O-2p band
via one-photon absorption. Thereby, the NIR photons dope
the sample with electrons via defect band absorption [orange
solid line shown in the right panel of Fig. 3(f)] and increase
the relative stability of surface oxygen vacancies.

To conclude, through the measurements of anatase(101),
we demonstrate the high specificity of SFG spectroscopy in
probing surface phonons and elaborate on the phonon vibra-
tional features by symmetry analysis. Beyond its sensitivity to
lattice vibrations, SFG is also responsive to localized surface
defects. These two factors jointly govern the observed phonon
behaviors.

3.2. LAO/STO heterointerface

SFG can also be utilized to study heterostructures
with many-body interactions such as EPC. LaAlO3/StTiO3
(LAO/STO) is a classical heterointerface with a series of fas-
cinating properties, including the formation of an interfacial
2DEG!! with superconductivity,?! tunable magnetic ordering
by defects,®! and many more. Phonons play a prominent role
among these various phenomena, which motivated us to probe
the phonon modes at this LAO/STO interface by SFG.[*?!

In bulk-STO, there is no SFG response because of its cen-
trosymmetric feature. At the surface, the truncation lowers
the symmetry from the bulk O; point group (at room tem-
perature) to the non-centrosymmetric C4, group. Lifting the
degeneracies of the phonon modes and Ti-3d states removes
the pure parity of the resulting energy levels. This enables
SFG transitions that are symmetry-forbidden in the bulk. At
the STO(001) bare substrate surface, a pronounced SFG res-
onance was observed around 103 meV [in Fig. 4(a)], which

is attributed to the coupling of Ti-3d electrons and a surface
phonon mode. This mode is the highest zone-center longitu-
dinal optical (LO4) phonon mode in bulk-STO, correspond-
ing to Ti—O out-of-phase stretching vibration in TiOg octahe-
dra. Other techniques such as high-resolution electron energy
loss (HR-EELS) can also detect Fuchs—Kliewer (FK) type of
phonons. Figure 4(b) presents EELS results of the bare STO

substrate (red curve) reported by the Feng group, #*!

showing
two distinct loss peaks at ~ 60 meV (corresponding to the LO3
mode) and ~ 92 meV (corresponding to the LO4 mode), de-
termined by the pole in Im[1/(&(®) + 1)] [light brown curve
in Fig. 4(c), with € being the complex optical dielectric con-
stant of bulk-STO] due to the FK mechanism.*3 Tn optical
spectra, the LO4 mode peaks at ~ 101 meV, determined by
the pole in Im[&~!(@)] (deep brown curve).[**! The phonons
detected by EELS respond in different frequencies compared
to those observed by SFG, which is due to the broken symme-
try at the surface and greater localization. Relative to the bulk
LO4 mode near 101 meV, the blueshift of the surface mode in
SFG spectra is ascribed to the slight shortening of the Ti-O
bonds at the truncated surface. We further tested the surface
specificity of SFG by comparing the TiO,-terminated surface
with the mixed (TiO; and SrO)-terminated surface, and the lat-
ter exhibited a weaker SFG response [red curve in Fig. 4(a)]
owing to the presence of non-truncated octahedra, verifying
that the 103 meV resonance observed in SFG spectra is highly
localized. The nonlinear optical susceptibility strength [y (%]
of the 103 meV phonon on bare STO(001) was estimated to
be 5 x 1072 m?/V, which is about an order of magnitude
stronger than the typical value of a molecular monolayer. !
We then deposited different thicknesses of LAO overlay-
ers on STO and conducted SFG measurements. As the single-
crystalline LAO overlayer thickness increased from 1 to 6
unit cells (uc) on STO, the surface-phonon spectra changed
markedly. These changes strongly correlate with the insulator-
to-metal transition [Figs. 4(d) and 4(e)]. With LAO coverages
of 1 uc and 2 uc, the SFG signal intensity dropped signifi-
cantly. Since the lattice modes of LAO lie far outside this

(431 the signal variation must come from the

frequency range,
same L.O4-derived vibration observed in the STO substrate. It
indicates the partial restoration of inversion symmetry at the
interface due to lattice strain.[*®! Correspondingly, the phonon
peaks showed a slight redshift of ~ 1 meV from that of the bare
STO(001) substrate. At the subcritical thickness of 3 uc LAO
(just below the threshold for 2DEG formation), the SFG inten-
sity increased abruptly. Although the LAO overlayer restores
the interfacial Ti—O bond lengths close to those in the bulk
STO, #7481 previous SHG studies on the same system had re-
vealed an extra electric field-induced (EFI) contribution in 3 uc
LAO/STO.™! In this situation, the ferroelectric (FE) distor-

tion within the LAO layer establishes a dipolar field pointing
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away from STO [shown in Fig. 4(f)],1>>>!] which induces sub-
stantial orbital reconstruction and electronic structure asym-
metry at the interface, thereby strongly enhancing the SFG re-
sponse. With 2DEG forming at 4 uc and beyond, the persistent
EFT effect was evidenced by the strong SHG signal reported
by Marrucci and co-workers.[*”) However, a sharp decrease in
the SFG intensity was simultaneously observed. It is assumed
to be due to dynamic screening by the conducting carriers
in the 2DEG,?! which suppresses the long-range electron—
phonon interaction. This screening mechanism is supported

by experimental evidence: the spectra of the insulating sam-
ples with post-growth annealing in oxygen were restored like
that of 3 uc, compared with the suppressed SFG signal of
the high carrier concentration samples, shown in Figs. 4(g)
and 4(h). The estimated Thomas—Fermi screening length is
rre = \/€€0Er/(2¢2n3p).P3 1t is comparable to the polaron
h/(2m* Q1 04) =~ 0.6 nm!>? of the LO; mode,
further validating the presence of Coulomb screening by the
2DEG to EPC at the LAO/STO interface.
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Fig. 4. SFG phonon spectroscopy study of the LAO/STO heterostructure. (a) Spectra from STO(001) surfaces with different terminations: TiO,
terminated surface (black curve) and untreated surface with mixed terminations (red curve). (b) EELS spectra of bare (red curve) and SVO-
covered STO substrates. Data adapted from Ref. [42]. (c) Real and imaginary parts of STO bulk refractive indices (dashed lines); calculated
response functions of the LO4 phonon and the corresponding FK mode (brown curves). (d) SFG spectra from the TiO,-terminated STO(001)
surface (bottom panel, black curve filled in gray) and those covered by 1 to 6 uc of LAO epitaxial layers (colored curves). The spectra are offset
for clarity with corresponding baselines marked in gray. () SFG phonon peak intensity (solid circles) and sheet conductance (open squares)
versus the LAO layer thickness. The color scheme of data points is the same as that in (d). (f) TiOg octahedron at the LAO/STO interface.
The arrow represents the built-in dipolar field due to FE distortion in LAO layer < 3 uc. (g) and (h) SFG spectra from 4 uc and 5 uc samples:
annealed in oxygen (red curves) and conducting (blue curves) for comparison. Data adapted from Ref. [32].

In addition to the 103 meV mode, another resonant
feature near 96-98 meV had also been identified by SFG
[Figs. 4(g) and 4(h), marked by triangles].

4 uc and 5 uc samples annealed in oxygen, this low-frequency

For insulating

mode became barely discernible, suggesting its origin from
the oxygen vacancies [V, shown in Fig. 5(a)]. This point is
supported by the phonon dispersion calculations by the Gong

group in 2015, which exhibited that Vo would induce a sur-
face polar mode at the I" point near 93.6 meV in STO(001)
[Fig. 5(b)].’* For further verification, we measured SFG
spectra of insulating STO after 365 nm (3.40 eV) UV irra-
diation, observing the enhanced low-frequency mode [purple
curve in Fig. 5(c)]. This mode is more pronounced in spec-
tra with the PPP (P-polarized SF, P-polarized NIR, and P-
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polarized IR) polarization combination than in the SSP (S-
polarized SF, S-polarized NIR, and P-polarized IR). Here, SSP
primarily probes out-of-plane dipole moments at the fourfold-
symmetric STO(001) surface, whereas PPP is sensitive to
both out-of-plane and in-plane moments./??! This indicates
that the associated vibration carries greater in-plane dipole
moment components, consistent with the characteristic of the
Vo-related Ti—O stretching motion which has a large in-plane
component due to the lattice distortion around Vg.

Therefore, SFG provides a direct approach for in situ de-
tection of oxygen vacancies at interfaces. To improve the qual-
ity of the 2DEG devices, the Cheng group designed (m +n) uc
LAO/STO interfaces (m uc interfacial buffer LAO layers with
the major defects deliberately suppressed, and n uc top LAO

(a) » Vo P
— v 0—¢ g
©Ti ¢
° OST()

Osr20°£°°° OO

BAC2 S\

layers generating Vo donors).>>! Our SFG spectra [Fig. 5(d)]
show that the Vp-related mode at 96 meV was significantly
suppressed in modulation-doped (3 +2) LAO/STO compared
to the conventional (5 + 0) uc structure where it remained
prominent.3?! The (3 + 2) sample, featuring fewer interfacial
Vo, exhibits high transport mobility [Fig. 5(e), sample A],
along with a low-field quantum oscillation showing anomalous
characteristics. The SFG measurements provide compelling
evidence that the stepwise growth technique minimizes inter-
facial Vg defects, thereby enabling the fabrication of higher-
quality devices. Crucially, these results demonstrate that
interfacial Vg is not a prerequisite for the formation of the
2DEG.
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Fig. 5. The Vg related SFG response on STO(001). (a) Normal mode coordinates of the local vibration around Vg (dotted red circle) in STO,
with displacements of Ti and O ions marked by orange arrows. The neighboring TiOg octahedra are distorted due to the change in bonding
strength. (b) Calculated phonon dispersion. The upper and lower panels show the relaxed STO (001) slab and the relaxed STO(001)-Vg slab,
respectively. Data adapted from Ref. [54]. (c) SFG spectra from a TiO,-terminated STO(001) substrate before (black curve) and after (purple
curve) 30 min of UV irradiation in vacuum. Arrow indicates an enhanced mode at 94 meV. (d) SFG spectra of a (5+0) sample (blue curve) and
a (3+2) sample (red curve), suggesting the suppression of Vgs at the interface of the (3 4-2) sample. (e) Temperature dependence of carrier
density and low-field (B = 0.5 T) mobility (weighted average of all subbands). The modulation-doped samples (A, B, and C) show the highest

mobilities. Data adapted from Ref. [55].

3.3. Nb:STO and monolayer FeSe/Nb:STO heterostruc-
ture

Over the past decade, enhanced interfacial superconduc-
tivity has been discovered in few-unit-cell FeSe films grown
on Nb-doped SrTiO3 (Nb:STO), exhibiting a critical tempera-
ture (7¢) significantly higher than that of bulk FeSe and FeSe
films grown on undoped STO.!?%7] This motivated us to em-
ploy SFG spectroscopy to investigate the interfacial phonons
in this system. As shown in Fig. 6(a), compared with undoped
STO(001) (pink curve), Nb:STO(001) (blue curve) exhibits a
sharp resonance close to 99 meV, which is notably redshifted

in frequency and significantly enhanced in intensity. After epi-

taxially growing a 1 uc FeSe layer on Nb:STO, the phonon
signal drops substantially (purple curve). It remains stronger
than that of undoped STO, and the resonance peak stays at its
redshifted position.

For the above phenomena, we provide a brief discus-
sion of the underlying mechanisms. In Nb:STO, Nb>* doping
in STO draws electron density around O?~ away from Ti*",
thereby weakening the electrostatic attraction between Ti**
and O%~, as supported by the Bader charge analysis reported
by Shen and co-workers.!®8! Additionally, first-principles cal-
culations of the TiO;-terminated Nb:STO(001) surface re-
ported by Franchini and co-workers revealed that Nb dop-
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ing promotes the formation of localized small polarons at the
STO(001) surface,® which elongates the Ti-O bonds. 0]
The above analyses indicate that Nb doping leads to a reduc-
tion in the strength of the Ti—O bonds in STO, which directly
lowers the phonon frequency, explaining the observed redshift
of ~ 4 meV from undoped STO. Moreover, Nb doping in STO
induces a strong surface field in the space charge region, 2611
which enhances the effective field-induced second-order non-
linear optical susceptibility and results in the significant SFG
intensity.””! The decrease in the signal for FeSe/Nb:STO is
attributed to dynamic screening by conducting carriers within
the FeSe layer,®”) consequently reversing the enhancement ef-
fect of Nb doping on the nonlinear optical response and caus-
ing the SFG signal to fall back.
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Fig. 6. LO4-derived SF phonon spectra at STO and 0.5 wt% Nb:STO
surfaces, and 1 uc FeSe/Nb:STO interface. (a) PPP spectra mea-
sured at 100 K; the STO signal is multiplied by ten times for clarity.
(b) Temperature-dependent PPP spectra of Nb:STO. Dashed line indi-
cates the peak position at 295 K (98.7 meV) to guide eyes.

Figure 6(b) shows the temperature dependence of the
spectral response at the Nb:STO surface. During cooling, the
resonance frequency exhibits a slight blueshift while the sig-
nal intensity gradually increases. As the temperature decreases
from 295 K to 100 K, the unit cells of STO contract overall,
leading to shortened Ti—O bonds (estimated Adti_o =~ 3.6 x
103 A).[6%] Therefore, the phonon mode slightly hardens and
its vibrational frequency exhibits a blueshift. Simultaneously,
in Nb:STO, the exponential decrease in carrier concentration
with cooling!®34 widens the space charge region (W) to pro-
vide sufficient ionized donors for charge neutrality.[>!-01] The

relative permittivity is given by & = g + C/(T — Tc), with
g the dielectric constant extrapolated to infinite temperature,
Tc the Curie temperature, and C a constant.[%%%] While &,
of Nb:STO increases at low temperatures, the growth of W?
is overwhelmingly dominant. Consequently, the surface po-
tential ¢ o< W2 /g [6!] exhibits a net increase as temperature
drops, effectively strengthening the nonlinear optical response
and leading to the notable enhancement in SFG signals.

Based on the analysis of the SFG spectra, Nb:STO ex-
hibits distinct polaron behaviors and a stronger surface poten-
tial compared with undoped STO. These two features collec-
tively delineate the physical picture that modifies the inter-
facial phonon behaviors and may contribute to the enhanced
superconductivity observed in FeSe films grown on Nb:STO
substrates.

4. Summary and outlook

To summarize, we provide an overview of SFG phonon
spectroscopy in this review. We first introduce the fundamen-
tal principle of SFG, including the physical origin of its inter-
facial selectivity, the mechanism of signal generation, and its
capability to resolve interfacial microstructure through differ-
ent polarization combinations. Based on the above, we elabo-
rate on its unique advantages and applications in studying in-
terfacial phonon behaviors of functional oxides. SFG not only
investigates the frequency, intensity, and symmetry of inter-
facial lattice vibrations, but also reveals their intrinsic corre-
lations with interfacial electronic structures, defect states, and
external field modulations, providing compelling experimental
evidence for a mechanistic understanding of such functional
oxide interfaces. As the field progresses, SFG phonon spec-
troscopy holds considerable promise for extending beyond the
model systems described above. For example, the emergence
of anisotropic superconductivity at LaAlO3/SrTiO3 interfaces
represents a particularly compelling frontier,l3! where SFG
phonon spectroscopy could provide new insights into the in-
terplay between lattice anisotropy and unconventional pairing
mechanisms. Technically, however, two challenges must be
addressed. First, current IR laser frequencies are still too high
to probe the soft phonon modes that are key to BCS supercon-
ductivity; second, laser-induced heating of sample surfaces de-
mands better temperature control and enhanced detection sen-
sitivity to permit measurements at lower laser powers. These
underscore the need for continued technical advancement.

Moreover, there are two particularly valuable future di-
rections. First, SFG spectroscopy can be applied to nanopar-
ticle or colloidal systems. In their pioneering work, Dai,
Roke, and coworkers have established the theoretical founda-
tion and experimental protocols for SHG and SFG studies on
colloidal particles.!%”-%81 The same methodology is applicable
to SFG phonon spectroscopy and helps reveal the structures
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of nanoparticle facets and how they interact with adsorbates.
Technical challenges include strong optical attenuation and/or
scattering, enhanced nonresonant backgrounds, and especially
spectral congestion from multiple facets and other heteroge-
neous surface structures.®! These could pose limitations on
the detection sensitivity and frequency range, which require
careful handling.

Another field of interest is the inclusion of ultrafast time-

resolved capabilities in SFG phonon spectroscopy.!’%7!1 Using

photocatalytic TiO; as an example, with multiple-color exci-
tation and probing, we can monitor the evolution of surface
phonons under the influence of photo-excited carriers as well
as transient organic and/or aqueous adsorbates, which would
provide rich information about their mutual interplay and new
insight into photocatalytic reactions. Looking forward, we en-
vision SFG phonon spectroscopy evolving into a versatile plat-
form, serving as an indispensable tool for probing interfacial
lattice dynamics and helping guide the rational design of func-
tional oxides with optimized phonon-mediated properties.
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