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Two-dimensional (2D) perovskite oxide interfaces are ideal systems to uncover diverse 

emergent properties such as the arising polaronic properties from short-range charge-

lattice interactions. Thus, a technique to directly detect this quasiparticle phenomena at 

the buried interface is highly coveted. Here, we report the direct observation of 2D small-

polarons at the LaAlO3/SrTiO3 (LAO/STO) conducting interface using high-resolution 

spectroscopic ellipsometry. First-principles investigations shows that interfacial electron-

lattice coupling mediated by the longitudinal phonon mode facilitates the formation of 

these polarons. This study resolves the longstanding question by attributing the formation 

of interfacial 2D small polarons to the significant mismatch between experimentally 

measured interfacial carrier density and theoretical values. Our study sheds light on the 

complexity of broken periodic lattice-induced quasi-particle effects and its relationship 

with exotic phenomena at complex oxide interfaces. More importantly, this work 

establishes spectroscopic ellipsometry as the prime technique to detect polaronic states 

and other emerging quantum properties at the buried interface. 

 

  



Introduction 

The emergence of quasiparticles due to the interplay between electronic and lattice degrees of 

freedom in strongly-correlated systems is the cornerstone of multiple fundamental phenomena 

including transport processes, colossal magnetoresistance1 and high-temperature 

superconductivity2. Polarons are an ideal example where motion of mobile charges are retarded 

due to strong charge-lattice interaction 3. Though well-established in 3D systems4, polaronic 

formation and modifications to their properties by reduced dimensionality in 2D systems 

remains challenging due to the incomplete understanding of polaron self-trapping in 

anisotropic structures5. Nevertheless, the key role of strongly-bound electronic polarons and 

bipolarons which possess lower-temperature coherence could hold the key in understanding 

many-body phenomena such as itinerant ferromagnetism6 and unconventional Cooper pairing 

in superconductivity7, 8. Such prospects are tantalizingly attractive especially with reports of 

2D polaronic behaviour4, 5 alongside their causality with 2D superconductivity9. The effective 

identification of polaronic activities and the underlying mechanisms leading to their formation 

play a critical role in assessing the distinguish the short- and long-range transport 

characteristics and sheds new light on the nature of quasiparticle interactions in diverse material 

systems4. Such knowledge holds immediate relevance especially in the functionalization of 

novel quantum systems in applications over a wide range of domains related to electronic 

transport10, 11, photocatalysis12 and energy storage devices13. 

Recent reports of 2D perovskite oxide superconductivity at the LaAlO3/KTaO3 interface have 

renewed fresh interests in the emergence of anomalous quantum metallic states14, 15. The 

quintessential LaAlO3/SrTiO3 (LAO/STO) conducting interface remains the ideal candidate 

for such investigation especially with the versatility and capacity to effectively manipulate its 

charge, spin, lattice, and orbital degrees-of-freedom at the nanometer-thickness interface16. 

Furthermore, insights to the interfacial many-body charge dynamics in the region ~10 meV 

within the Fermi level is pivotal to explain the severe discrepancy between the theoretically 

predicted 0.5 electrons per unit cell (e-/uc) charge transfer by multiple models10, 17, 18, as 

compared to a meagre 0.05 e-/uc elucidated by experiments19-21.   

Here, we make a direct observation of small-polarons at the LAO/STO interface using high-

resolution spectroscopic ellipsometry, a highly sensitive non-destructive photon-in photon-out 

optical technique which, with its full polarization and symmetry features, can explore the role 

of role of electron-phonon coupling and effectively resolve the anisotropic properties of the 



LAO/STO system and extract the optical properties of its interfacial 2D electron gas. While 

large polaron has previously been reported at the LAO/STO interface10, the unique properties 

of spectroscopic ellipsometry effectively and unambiguously identify the optical response of 

the small polarons presented at the 2D LAO/STO interface. First-principles calculations further 

suggest the strong coupling between the interfacial electrons and the Ti-lattice as the key 

mechanism leading to the formation of the localized small polarons which is 2D in nature. 

Based on an integrated analysis of our experimental results and findings from the first-principle 

studies, the hard longitudinal optical phonon mode, LO3, which has previously been identified 

as the key mediator in the formation of large polarons10, 13, has also been determined to play a 

critical role in the formation of the 2D small-polarons. Importantly, by showing that ~50% of 

the interfacial charges couple strongly with the Ti lattice sites to form highly localized 2D small 

polarons [Fig. 1(a)], this study effectively resolved the longstanding question why the 

experimentally-measured interfacial carrier density is significantly lower than theoretically 

predicted values10, 17, 18. The detailed scrutiny of quasiparticle dynamics and lattice distortion 

at such 2D complex interfaces serves as an appropriate analogue to the superconductive states 

in magic-angle twisted bilayer graphene and other exotic heterostructures attributed to the 

many-body correlations induced by broken periodic lattice symmetry22-26.With the escalating 

challenge to characterize emergent quantum orders in complex low-dimensional systems, this 

study further highlights spectroscopic ellipsometry as the premier experimental methodology 

to unambiguously identify and analyse anisotropic quasiparticle dynamics and other emergent 

order-parameter nanostructures at the buried complex quantum interfaces.  

 

Results 

Sample Synthesis and Characterization 

Three high-quality single crystalline 8 u.c. LaAlO3/SrTiO3 labelled N1-LAO/STO, N2-

LAO/STO, and N3-LAO/STO, respectively, are synthesized with increasing degree of oxygen 

vacancies, thereby resulting in different carrier concentrations – 9.4×1012 cm-2 (N1-LAO/STO), 

1.0×1014 cm-2 (N2-LAO/STO), and 4.5×1016 cm-2 (N3-LAO/STO) [Fig. S1]  (details in Section 

I.B, supplementary material) as further confirmed based on synchrotron-based X-ray 

absorption spectroscopy [Fig. 1] (details in Section I.B, supplementary material). The quality 

of the LAO/STO interfaces has been confirmed using a series of experimental techniques 

including atomic force microscopy (AFM) [Fig. 1(a)], high angle annular dark field STEM 



(HAADF–STEM) [Fig. 1(b)] and high-resolution X-ray diffraction [Figs. S2–S4] which 

suggest atomically flat terrace structures, high-quality morphology, and crystallinity.  

Temperature-dependent Spectroscopic Ellipsometry 

Temperature-dependent optical characterization of N1-LAO/STO is performed using 

Spectroscopic Ellipsometry with the complex dielectric function, ε(ω)=ε1(ω)+iε2(ω) [Fig. (a)]. 

Both ε1 and ε2 show consistency with previous experimental studies in regions above 1 eV27. 

The Drude response below 1 eV suggests that it is a conducting system ascribed to the 

interfacial 2D delocalized electrons. Interestingly, a prominent mid-gap peak feature is 

observed in the near-infrared regime at ~0.66 eV (annotated by arrow) throughout all 

temperature. With minimal oxygen defect from N1-LAO/STO, one can rule out the 

contribution of oxygen vacancies and defects states (Discussion eliminating other factors to be 

discussed thereafter). Instead, it bears resemblance to the optical absorption feature of small 

polaron due to its asymmetry28. As discussed in greater detail thereafter, this feature is 

attributed to the interfacial 2D small polarons.  

 

The ε2 spectra of N1-LAO/STO is further converted to optical conductivity, σ1, using 

Supplementary Equation 11 (details in supplementary material) for further polaron analysis 

[Fig. 2(b)]. While the previously observed Drude response falls below the spectral range, the 

polaron peak remains prominent at ~0.82–0.98 eV where its asymmetric shape characteristic 

of small polaron remains28. Since the small polarons optical features arise due to electron 

hopping between in-plane neighbouring Ti-sites upon activation, the peaks can thus be 

modelled using the Bryksin small-polaron model to analyze its temperature-dependent 

properties29. Specifically, parameters including the polaron hopping energy, Ea, bandwidth, Γ, 

and phonon energy, ELO, can be derived (details in Section III.A, supplementary material).  

 

The optical polaron response is very compatible with the theoretical Bryksin small-polaron 

model for both N1- and N2-LAO/STO interfaces, respectively, throughout the entire 

temperature range [Figs. 2(c) and 2(f)] (further temperature-dependent analysis discussed in 

Fig. S3 and Section III.B, supplementary material). This indicates that the near-infrared 

responses in both N1- and N2-LAO/STO interfaces are of small-polaron origin. Besides, they 

are notably distinct from the previously identified interfacial large polarons10 as confirmed in 

the computational studies presented thereafter.  

 



We analyze the temperature-dependent ε1 and ε2 spectra, respectively, of N2-LAO/STO [Fig. 

2(d)] to investigate how increasing interfacial carrier concentration affects the modifies the 

polaronic response. While both N1- and N2-LAO/STO interfaces have similar optical features 

with previous reports27, the Drude response for N2-LAO/STO due to higher interfacial carrier 

concentration. Notably, the mid-gap previously attributed to the small polaron response persists 

at the N2-LAO/STO interface across all temperature at a redshifted position of ~0.42 eV. Based 

on the Bryksin analysis, while the Drude response is red-shifted below the spectral range, the 

polaron peak remains prominent [Fig. 2(e)] high consistency between the experimental results 

and theoretical fitting [Fig. 2(f)] at a significantly lower polaron activation energy, Ea (Fig. S3 

and Section III.B, supplementary material).  

Compared to N1 and N2-LAO/STO, N3-LAO/STO shows a marked increase in temperature-

dependence especially for the ε1 spectra while the ε2 spectra undergoes a significant change in 

the low-energy region where the previously observed near-infrared polaron peak is further 

redshifted to photon energy below the instrument spectral limit [Fig. 3(a)]. Hence, analysis of 

the small polaron response will be restricted to the N1- and N2-LAO/STO interfaces (details in 

Section III.B, supplementary material). 

Analyzing the Small Polaron Parameters 

Figs. 3(b)–3(d) compare the hopping energy, Ea, band width, Γ, and phonon energy, ELO, 

respectively, of the 2D interfacial polarons at the N1- and N2-LAO/STO interfaces. Ea of N2-

LAO/STO falls significantly lower to ~0.12 eV compared to N1-LAO/STO’s ~0.23 eV. 

Between 77 and 300K, temperature-dependence of Ea of both N1- and N2-LAO/STO follows 

similar trend with a slight but apparent increase with rising temperature  as it becomes easier 

for the electron to move from one Ti-site to the next28. The distinct reduction in Ea of 2-

LAO/STO compared to N1-LAO/STO may be partially attributed to the increase in overlapping 

potential wells due to higher oxygen vacancies at the interface that allows for a greater ease of 

interstitial charge hopping. Comparison of Ea between N1-LAO/STO and N2-LAO/STO 

further suggests that an increase in interfacial charge density has a greater influence on the 

interfacial polarons than temperature.  

The polaron bandwidth, Γ, of N2-LAO/STO is slightly larger than N1-LAO/STO [Fig. 3(c)]. 

Nevertheless, both display similar temperature-dependent trends with a monotonic width 

broadening from ~0.03 to ~0.07 eV for N2-LAO/STO and relatively smaller increase of ~0.01 

to ~0.28 eV for N1-LAO/STO. This progressive broadening with rising temperature is 



consistent with the behaviour of small-polarons which corresponds with the phonon 

broadening of the local electronic energy levels which in turn progressively broadens these 

absorption bands28. The relatively larger bandwidth belonging to N2-LAO/STO compared to 

N1-LAO/STO may be attributed to the increase in conduction band states formed by oxygen 

vacancy sites occupied by polarons. Thereby, leading to an extended distribution of polaron 

energies as manifested through a wider peak width29, 30. 

Role of LO3 in the Formation of the Interfacial Small Polarons 

Finally, the ELO of both N1- and N2-LAO/STO does not have any clear temperature trend [Fig. 

3(b)] but their values fluctuate between ~0.14 –0.18 eV for N2-LAO/STO and ~0.11—0.13 eV 

for N1-LAO/STO. These values are consistent with the hard longitudinal optical phonon, LO3, 

associated to the LAO/STO interfacial polaron where they also display similar temperature 

behaviour with barely any changes in energy position10, 31. The presence of LO3 phonon mode 

plays an important role in controlling the 2D interfacial carrier mobility10. Considering the role 

that LO3 plays in the interfacial polaron formation, the larger ELO magnitude for N2-LAO/STO 

may be attributed to structural changes due to electrostatic doping by the increase in oxygen 

vacancies32 or possible weaker coupling to additional phonon modes. Generally, phonon mode 

analysis highlights the critical role that electron-phonon interaction plays in the formation of 

this 2D interfacial polaron. The identification of ELO as the energy position of LO3 phonons is 

a clear indication of polarons and the identification of polaronic effects33, 34 while distinguish 

it from other phenomena. Besides, while the large polarons in LAO/STO have been attributed 

to the LO3 phonons10, this analysis conclusively shows that the LO3 phonons also plays the 

direct role in the formation of the small polarons at the LAO/STO interface.  

Overall, the general temperature-dependent trends and asymmetric peak feature of both N1- 

and N2-LAO/STO are clear indications of small polaron at the LAO/STO interfaces. The 

temperature-dependent behaviours also allow us to rule out the contribution of large polaron to 

these optical features28.  

Further Eliminating other Possible Contributing Factors to the Optical Responses  

Besides ruling out the possibility of defect states contributing to the formation of the near-

infrared optical response, we rule out any other possible factors that may lead to the optical 

features in Fig. 2. The presence of exciton may be omitted because while exciton weakens 



significantly with rising temperature35, 36, the near-IR feature detected at the LAO/STO 

interface has a trend contrary to that of exciton with an intensity increase with temperature.  

With the vanishingly small ferromagnetic response contributed by the LAO/STO interface37, 

the onset of magnons can also be omitted. Finally, any contribution by plasmon excitation can 

also be ruled out due to detection of plasmon requires the simultaneous presence of a zero-

crossing in the ε1 spectrum alongside a prominent peak feature in the Loss-function spectrum 

which are not present in the respective components of the dielectric functions38, 39.  

Therefore, by eliminating these possible contributing factors, the polaronic origin of these mid-

IR peaks at the LAO/STO interface can be safely concluded. 

First-principles Calculations Elucidating Small Polaron Properties  

Extensive first-principles studies are conducted to further substantiate our experimental 

findings on how excess electrons interact with the interfacial Ti ions to form small polarons 

and account for the missing interfacial electrons. The LAO/STO interface was modelled using 

a (LaAlO3)6.5/(SrTiO3)8.5 superlattice [Fig. 4(a)] (details in Section V, supplementary material) 

with 0.5 e−/uc charge transfer from the LAO layer to the interface. Previous studies have shown 

that this modelized structure has been widely used to  mimic and simulate the LAO/STO 

interfacial effects40-43. Hence, the results yielded by the current study provide important 

insights to the phenomena observed in real experimental systems. Results show that among the 

transferred electrons, about half of the electrons interact with the interfacial Ti lattice to form 

the polaron state [Fig. 4(a)] and confirmed by a previous study10. Besides, the polaron 

formation energy at this charge-transfer density is ~160 meV lower than the non-polaron state 

[Fig. S8].  The interfacial polaron states are therefore more stable than the free-electron states. 

While charge transfer from the LAO layer penetrates the interface into the STO layer and 

localize at the Ti lattice sites (blue superimposed partial charge density in the STO layer in [Fig. 

4(b)], it is only at the interfacial Ti lattice sites that the localized charge concentration is 

sufficiently large to form small polarons [Fig. 4(a)]. Small polaron formation is further 

evidenced by a slight elongation of the in-plane Ti-O bonds seen in the interfacial lattice cross-

section [Fig. 4(c)]. As noticed in the top view of interfacial structure superimposed with the 

partial charge density of the polaron state [Fig. 4(d)], the electron density only localizes at the 

distorted Ti site and not homogeneously at the others. Collectively, these are evidence of small 

polaron states with two-dimensional character.  



The 2D small polarons is further confirmed by the projected density of states (PDOS) at the 

interfacial TiO2-sublayer. [Fig. 4(e)] shows that strong charge-lattice interaction causes a split 

in the in-plane Ti-dxy states from the conduction band edge and forms an isolated mid-gap state 

– another distinctive hallmark of the polaron state – which hybridizes weakly with the nearest 

in-plane O-py/py states [Fig. 4(f)]. This is yet another signature of a polaron state with two-

dimensional feature due to the in-plane hybridized orbitals - consistent with the prominent in-

plane Ti-O bond elongation alongside the in-plane polaron charge density distribution state 

[Figs. 4(a)—4(d)]. Therefore, it can be concluded to be an interfacial two-dimensional small 

polaron.  

In tandem with the experimental study involving LAO/STO interfaces with different charge 

concentrations, a less conducting LAO/STO interface with 0.4 e−/uc charge transfer is 

modelled. While its polaron stability is reduced, the interfacial polaron state remains favourable 

with an energy of 126 meV lower than the non-polaron state [Fig. S8] due to decreased 

electron-electron repulsion that weakens the excess electrons interaction and the Ti lattice 

sites44.  

The reduction in carrier density also has strong influence on the electronic properties of the 

LAO/STO interface with the polaron. Fig. 4(g) compares the band structures of the LAO/STO 

interfaces with 0.5 e−/uc (black solid lines) and 0.4 e−/uc charge transfer (red dashed lines), 

respectively. With the conduction band edge of both interfaces aligned at -0.365 eV indicated 

by the overlapping black and red bands at the Γ-point, the polaron state for the less conducting 

system is located ~0.15 eV lower than the more conducting interface – denoted by yellow 

shaded region in [Fig. 4(g)]. This is consistent with the experimental trend for N1- and N2-

LAO/STO [Figs. 2(b) and 2(e), respectively], where the polaron position – directly related to 

the polaron activation energy, EA – of the more conducting N2-LAO/STO is lower compared 

to NI-LAO/STO with lower interfacial carrier concentration [Fig. 3(b)]. This also explains why 

the polaron position falls below the instrument spectral range for N3-LAO/STO. 

Discussion and Conclusion 

This study is important in understanding how quasiparticle dynamics governs 

superconductivity at perovskite oxides heterointerfaces and is potentially analogous to other 

heterostructure systems especially in twisted bilayer graphene24, 45. The strong interactions 

between excess interfacial electrons and Ti lattices result in the polaronic states where lattice 

distortion invariably breaks the periodic lattice symmetry4, 46. Meanwhile, our calculations 



show that the formation of small polarons due to considerable loss in electron kinetic energy. 

This in turn leads to in a significant reduction in polaron bandwidth to ~0.5 eV compared to 

~1.2 eV for free electron states. This band flattening strengthens the electron-electron 

correlations and is key to the emergence of the interfacial superconductivity47. This 

superconductive mechanism in perovskite oxide interfaces resembles the superconductive 

properties in magic-angle twisted bilayer graphene with an interlayer misalignment of 1.1°23, 

24. Specifically, flat electronic bands are present at certain interlayer twist angles23, 24. The 

formation of the Moiré patterns breaks the original periodic structure, and the inhomogeneity 

of the electron systems drastically reduces the Fermi velocity. This significantly modifies the 

electronic properties where flat bands are form at the Fermi level which, in turn, leads to 

superconductivity48. Similar to the interfacial superconductivity of oxide heterostructures, the 

emergence of strong electron-electron correlations because of broken periodic lattice symmetry 

holds the key to the onset of superconductivity in magic angle twisted bilayer graphene22 

(details in Section VI, supplementary material).  

The formation of 2D small polaron at the LAO/STO interface has led to the localization of 50% 

of the interfacial excess electrons. Notably, the interfacial electron density and lattice distortion 

are pivotal in dictating the small polaron dynamics and it holds important implications on how 

quasiparticle dynamics mediates superconductivity in complex heterointerfaces including 

perovskite oxides and magic-angle twisted bilayer graphene. It further highlights spectroscopic 

ellipsometry as the ideal experimental technique to unambiguously identify and characterize 

anisotropic quasiparticle dynamics and other emergent order-parameter nanostructures at the 

buried complex quantum interfaces and other low-dimensional heterostructure systems. 
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FIG 1. (a) Schematic displaying the formation of small polarons at the LAO/STO conducting interface with the AFM image for N1-LAO/STO 
indicating that the surfaces consist of clear atomic terraces. (b) Atomic resolution HAADF–STEM image of the representative N1-LAO/STO 
interface along the [001] zone axis. Note that the LAO thin-film is protected with Au thin-film before the preparation of TEM sample.   



 
FIG 2. (a) Real, ε1, and imaginary,  ε2, components of the dielectric function for N1-LAO/STO and their variations with temperature. (b) 
Temperature-dependent optical conductivity, σ1, and (c) its zoom-in spectra overlayed with the data fitting using the Bryksin small polaron model 
for N1-LAO/STO of N1-LAO/STO. (d) Temperature-dependent real, ε1, and imaginary, ε2, components of the dielectric function for N2-LAO/STO. 
(e) Optical conductivity, σ1, and (f) its zoom-in spectra overlayed with the data fitting using the Bryksin small polaron model for N2-LAO/STO.



 
FIG 3. (a) Real, ε1, and imaginary, ε2, components of the dielectric function for the most 
conducting N3-LAO/STO interface. (b) Properties of the small polaron states of N1- and N2-
LAO/STO derived using the Bryksin small-polaron model including the polaron activation or 
hopping energy, EA. (c) The small polaron band width, Γ. (d) The phonon energy, ELO, 



 
FIG 4. (a) The  (LaAlO3)6.5/(SrTiO3)6.5 superlattice (side view) modelled for the DFT calculations. The partial charge density of the small polaron 
state is superimposed (blue shade) and visualized. (b) Penetration, and localization of charges at Ti lattice sites in the STO layer (blue superimposed 
surfaces) but localized charge concentration is sufficiently large for the small polaron formation only at the interface. (c) The side view of the 
LAO/STO interfacial structure. (d) The top view of the LAO/STO interfacial structure overlayed with the charge distribution of the small polaron 
states. The bond distortion is also denoted in the side view. (e) The Project density of states (PDOS) on the interfacial Ti-atom with the small 
polaron state. (f) The PDOS of the interfacial O-atom with the small polaron state. (g) The band structure (majority-spin) of (LaAlO3)6.5/(SrTiO3)6.5 
superlattices with excess 0.5 electrons (black solid lines) and 0.4 electrons (red dashed lines) per unit cell. The relative shift of the small polaron 
states between the interfaces of different charge concentration is ~0.15 eV as highlighted by the yellow shade. 




