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Abstract 

The photocarrier relaxation dynamics of an n-type LaAlO3/SrTiO3 heterointerface is 

investigated using femtosecond transient absorption (TA) spectroscopy at low temperatures. 

In both LaAlO3/SrTiO3 heterostructures and electron-doped SrTiO3 bulk crystals, the TA 

spectrum shows a Drude-like free carrier absorption immediately after excitation. In addition, 

a broad absorption band gradually appears within 40 ps, which corresponds to the energy 

relaxation of photoexcited free electrons into self-trapped polaron states. We reveal that the 

polaron formation time is enhanced considerably at the LaAlO3/SrTiO3 heterointerface as 

compared to bulk crystals. Further, we discuss the interface effects on the electron relaxation 

dynamics in conjunction with the splitting of thet2gsubbands due to the interface potential. 
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The interface between two insulating transition metal oxides can generate unique 

electronic systems [1]. These interfacial electronic systems have emerged as one of the most 

exciting areas in materials science and have potential use in the development of future 

oxide-based electronic devices. One striking example is the LaAlO3/SrTiO3 (LAO/STO) 

heterointerface; a quasi-two dimensional electron gas (2DEG) system confined to the depth of 

a few nanometers appears at this interface [2-10]. It has been demonstrated previously that the 

interface conductivity is sensitive to the electrostatic boundary conditions and that the 

LaAlO3/TiO2 interface exhibits n-type conduction [2-4]. The LAO/STO quasi-2DEG system 

exhibits very high sheet conductance and a variety of exotic phenomena such as 

two-dimensional superconductivity and magnetism [5,8-13]. Therefore, the LAO/STO system 

has been intensively investigated as a model oxide heterointerface. Accordingly, much effort 

has been devoted to reveal the unique electronic properties of such quasi-2DEG systems.  

Recently, it has been found both theoretically and experimentally that the coexistence of 

localized and free carriers plays a critical role in the conduction mechanism at the LAO/STO 

heterointerface [14-16]. According to Ref. 15, localized electrons in a deep subband are 

confined within the first unit cell and have a low mobility due to Anderson localization and 

strong electron-phonon coupling. In contrast, high mobility free electrons above the lowest 

energy band spread over several Ti layers. The categorization of carriers into two different 

types is essential for understanding the LAO/STO interface conductivity. On the other hand, 

carriers in SrTiO3 bulk crystals are also considered to have a localized nature, which has been 

discussed in terms of defect/impurity states and polarons, which are self-trapped states 

resulting from strong electron-phonon coupling [17-19]. For example, photoemission 

spectroscopy in lightly electron-doped or photoexcited SrTiO3 suggests the coexistence of 

localized and free electrons [20,21]. Further, we recently reported that the photoluminescence 

(PL) spectrum of SrTiO3 has both a sharp band edge peak and a broad band with a large 
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Stokes shift at low temperatures [22], indicating the coexistence of free carriers in band states 

and localized photocarriers in trapped states. These observations imply that polaronic carrier 

localization mechanisms might be the key factors that determine the electronic properties of 

SrTiO3 and SrTiO3-based heterostructures. Thus, it is essential to reveal the energy relaxation 

processes of carriers at the SrTiO3 heterointerface. 

In this letter, we report the relaxation dynamics of electrons in an n-type LAO/STO 

heterointerface and compare this interface to bulk SrTiO3 crystals by using femtosecond 

transient absorption (TA) measurements. In bulk SrTiO3, the photoexcited electrons relax into 

self-trapped states within several tens of picoseconds. We found an extremely reduced 

relaxation rate, in comparison, of photoexcited electrons at the LAO/STO heterointerface, 

which could be attributed to the splitting of t2g subbands at the LAO/STO interface. Our 

results provide deep insight into the physics behind the electronic properties of oxide 

interfaces and promote the understanding of interface conduction mechanisms. 

We used chemically electron-doped SrTiO3 single crystals [SrNbxTi1-xO3 (x=0.001): 

Nb-STO] (Furuuchi Chemical Co.), Ar+-irradiated SrTiO3 (Ar-STO; the fabrication method 

and spatial profile of the carrier density are described in Ref. 23), and n-type LAO/STO 

heterostructures. The LAO/STO interfaces were grown by pulsed laser deposition using a 

single crystal LaAlO3 target on TiO2-terminated (001) SrTiO3 single crystal substrates after 

the deposition of a SrTiO3 buffer layer (10 unit cells). The (LaO)+/(TiO2)0 interface was 

grown by direct deposition on this surface using a KrF excimer laser at a repetition rate of 4 

Hz and a laser fluence of 1.2 Jcm-2 at the target surface. For SrTiO3 buffer layer and LaAlO3 

overlayer growth, the growth temperature was 700°C with an oxygen partial pressure pO2 = 

1×10-5 Torr. The LaAlO3 overlayer thickness was 32 unit cells. We confirmed the existence of 

metallic interface conduction in the heterostructure. PL spectra were collected using a CCD 

camera with a monochromator. The light source was a wavelength tunable Yb:KGW-based 
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femtosecond laser system (pulse width: 290 fs, repetition rate: 200 kHz). The TA 

measurements were performed by a standard pump-probe technique using a Yb:KGW laser 

system, where the fundamental light (1.20 eV) was used as a probe pulse. The pump and 

probe pulses were focused on the sample surface, and we detected the TA signal, the variation 

of the probe pulse intensity induced by the pump photoexcitation. To measure the probe 

energy dependence of TA dynamics, we used a Ti:sapphire-based femtosecond laser (pulse 

width: 150 fs, repetition rate: 1 kHz) with two optical parametric amplifiers. The laser spot 

size on the sample surface was measured using the knife-edge method. 

First, we studied the PL spectra of a LAO/STO heterostructure to identify and discuss 

interface effects on the photocarrier recombination process. Figure 1(a) shows the PL 

spectrum of the LAO/STO heterostructure at 7 K. The excitation photon energy was 3.82 eV, 

corresponding to a penetration depth λp = 25 nm [23]. The PL spectrum of LAO/STO is 

qualitatively identical to that of chemically electron-doped SrTiO3 bulk crystals. The PL 

spectrum is composed of a sharp band edge PL peak and a broad green PL band [22, 24]. The 

large Stokes shift of the broad PL band indicates that the PL process involves strongly 

localized states, which have previously been assigned to impurity/defect states or self-trapped 

states (polarons) [24,25]. The sharp band edge PL corresponds to band-to-band recombination 

of free electrons at the conduction band and free holes in the valence band [22]. Figs. 1(c) and 

(d) show the PL spectra near the band gap energy of the LAO/STO heterostructure and 

Nb-STO under an excitation of 3.82 eV (λp = 25 nm) and 3.49 eV (λp=240 nm). According to 

the penetration depth λp, the PL spectrum under 3.82 eV excitation reflects the surface 

(interface) state of SrTiO3, while 3.49 eV excitation light probes the interior state of the 

SrTiO3 bulk crystals (see schematic picture shown in Fig. 1(b)). This observation then implies 

that the nature of carriers at the LAO/STO interface and electron-doped SrTiO3 bulk crystals 

are similar. 
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To determine the relaxation dynamics of photocarriers, we performed TA spectroscopy at 

low temperatures. It is known that electron-doped or photoexcited SrTiO3 exhibits a broad 

optical absorption band in the infrared region [26-28]. The TA signal is observed under 

excitation at an energy above the band gap. We confirmed that this broad absorption band 

originates from electron photo-absorption by comparing the TA and photoconductance 

dynamics.  

Figure 2 (a) shows the TA dynamics of Nb-doped SrTiO3 at 7 K under different probe 

energies. The pump energy was 3.5 eV. The longitudinal axis represents the transmittance 

reduction of the probe pulse induced by pump pulse excitation, −ΔT/T. We checked whether 

the TA dynamics was independent of excitation density and polarization direction of the pump 

and probe pulses. The TA profile is composed of two components. One component represents 

fast decay with an exponential decay time of about 1 ps, as shown in Fig. 2(b). We attribute 

the fast decaying component to the relaxation to the conduction band minimum of higher 

energy photoexcited electrons (intra-band relaxation). This interpretation is supported by the 

fact that the relative intensity of the fast decay component decreases with decreasing 

excitation energy [see Fig. 3]. The second component of the TA profile shows a gradual rise 

with a rise time of about 40 ps at probe energies above 1.0 eV. This component decreases at a 

lower probe energy (<1.0 eV). The TA dynamics between 5 and 300 ps is well reproduced by 

a single exponential function, as shown by the broken curves in Fig. 2(a). The rise/decay time 

is 40 ps, independent of the probe energy. 

To investigate the origin of the second component with a 40 ps rise time, we plotted the 

TA spectrum (probe energy dependence of the TA signal intensity) at 5 ps and 300 ps in Fig. 

2(c). At 5 ps, a time much longer than the intra-band relaxation time, the TA spectrum shows 

Drude-like dispersion (ω-2, as shown by the blue broken curve), which indicates that the 

electrons are in free states. On the other hand, the TA spectrum becomes non-Drude-like at 



6 
 

300 ps and a broad absorption band appears at around 1.5 eV. This broad absorption band 

corresponds to the transition from a localized state to a free carrier state. As schematically 

shown in Fig. 2(d), photo-generated electrons immediately relax to the bottom of the 

conduction band and the TA shows a Drude-like free carrier absorption [denoted by X in Fig. 

2(d)]. When the electrons fall into a localized state, the TA contribution of the transition from 

a localized state to a free conduction band state appears [denoted by Y]. These results suggest 

that some parts of the photoexcited electrons are localized at 300 ps. Therefore, we can 

conclude that the 40 ps rise/decay component corresponds to the relaxation process of free 

electrons into localized states.  

Here, we consider the origin of the observed localized state. One possibility is the 

presence of shallow trap states due to defects or impurities. However, trap levels in 

electron-doped SrTiO3 should be fully occupied at low temperatures, and therefore, no TA 

contribution from the trap levels appears. In addition, we confirmed that the TA signal 

intensity linearly increases with increasing excitation intensity in the range of 0.12–2.2 

mJ/cm2. If the TA signal has contributions from finite number of defects/impurities, the 

excitation density dependence of the TA intensity should saturate. Therefore, we can conclude 

that no defects/impurities contribute to the TA signals. Instead, we consider that polarons are 

the most likely origin for such localized states in SrTiO3 bulk crystals. In SrTiO3, electrons are 

self-trapped by accompanying lattice distortions due to strong electron-phonon coupling 

[18,25]. Because the polaron density of states is much higher than that of defect/impurity 

states, photoexcited electrons are self-trapped even in electron-doped SrTiO3. In this case, the 

rise/decay time corresponds to the polaron formation time in the electron-doped SrTiO3 bulk 

crystal. 

To compare the polaron formation dynamics in electron-doped SrTiO3 bulk crystals and at 

the LAO/STO interface, we studied the pump energy dependence of the TA dynamics because 
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the photon energy is strongly dependent on the penetration depth of the incident light. Figure 

3 shows TA dynamics in (a) Nb-STO (–30~310 ps) and (b) LAO/STO heterostructures 

(–100~1200 ps) under different excitation energies. The probe photon energy was fixed at 1.2 

eV. Nb-STO shows a gradual increase in TA intensity with a rise time of several tens of 

picoseconds, similar to undoped SrTiO3. The TA dynamics is well reproduced by a single 

exponential function between 5 ps and 300 ps. The intensity of the fast decaying component 

increases with excitation energy due to intra-band relaxation of photoexcited electrons. On the 

other hand, the fast and slow TA relaxation times are almost independent of excitation photon 

energy. This observation implies that the relaxation dynamics into the polaron state is 

independent of excitation energy in spatially homogeneous SrTiO3 crystals. 

In LAO/STO heterostructures, the TA signal under an excitation of 3.35 eV, which probes 

the interior state of the SrTiO3 substrate, also shows a gradual increase of about 40 ps in 

lifetime. On the other hand, under an excitation of 3.88 eV, which corresponds to the first 20 

nm of the penetration depth, the polaron formation time is extremely elongated and reaches 

about 600 ps. This result clearly indicates that a slowing down of polaron formation occurs at 

the LAO/STO interface as compared to that for bulk crystals. It should be noted that the TA 

rise component under high energy excitation shows a non-single-exponential profile, unlike in 

the case of Nb-STO. This difference is probably due to the spatial inhomogeneity of the 

carrier density and potential near the LAO/STO heterointerface [29]. Thus, to evaluate the 

observed TA profile that is not a single-exponential profile, we fitted the TA curves with a 

double exponential function ITA(t) = A1exp(-t/τ1) + A2exp(-t/τ2) between 5 and 1200 ps and 

defined the relaxation time as <τ> = (A1τ1+A2τ2)/(A1+A2). 

Figure 4(a) summarizes the relaxation times of Nb-STO, Ar-STO, and LAO/STO 

heterostructures as a function of penetration depth. The relaxation time of the LAO/STO 

heterostructure shows a sudden increase for pump energies above 3.75 eV (penetration depth 
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= 30 nm) [30]. This increase implies that polaron formation is strongly suppressed at the 

LAO/STO heterointerface. To eliminate the possibility that oxygen vacancies induced at the 

heterointerface affect the polaron formation time, we studied the relaxation times of Ar-STO, 

where oxygen vacancies are formed at the surface by Ar+ irradiation. As shown in Fig. 4(a), 

the relaxation time of Ar-STO is almost independent of the penetration depth and is similar to 

that of Nb-STO. These results clearly demonstrate that oxygen vacancies do not affect the 

carrier localization process and the LAO/STO heterointerface plays an essential role for the 

suppression of polaron formation. Interestingly, in both Nb-STO and Ar-STO bulk crystals, 

the relaxation time becomes slightly longer with a decrease in penetration depth. This 

suggests that the weak suppression of polaron formation may occur even at the surface of 

SrTiO3. 

Finally, we discuss the slow relaxation of photoexcited electrons into localized states at 

the LAO/STO heterointerface. At the heterointerface, band bending occurs (schematically 

shown in Fig. 4(b)), which strongly affects the polaron formation process. One possible 

mechanism that causes slow polaron formation dynamics is related to the splitting of Ti 3d 

levels due to a strong interface potential. In SrTiO3, the lowest energy conduction band is 

composed of t2g orbitals of Ti 3d states, which are degenerate at the Γ point at temperatures 

above 105 K (cubic-to-tetragonal structural phase transition in bulk crystals). At low 

temperatures below 105 K, the weak energy splitting of t2g levels occurs due to tetragonal 

distortions [31]. Furthermore, for the LAO/STO heterointerface, the interface potential causes 

a larger energy splitting of the t2g level [14,32], as schematically shown in Fig. 4(c). The 

lowest energy dxy-like subband has an extremely large electron effective mass in the z 

direction, and thus, electrons can be self-trapped due to phonon couplings in this subband [33]. 

Therefore, the photoexcited carriers relax into the polaron state through the lowest-energy 

dxy-like subband. In this case, the polaron formation time is determined by the transition rate 
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from other subbands to the lowest-energy subbands. Because the energy splitting at the 

interface is much larger than that for bulk crystals, the transition rate is correspondingly 

reduced at the heterointerface. In addition, the photoexcited electrons are driven by the strong 

electric field from the large band bending at the interface, which can prevent the relaxation of 

photocarriers into polaron states. 

Despite the longer polaron formation time, the electron mobility is not correspondingly 

enhanced at the heterointerface, because the electrons at equilibrium are concentrated to the 

lowest-energy subband due to the large energy splitting at the LAO/STO heterointerface. This 

scenario is consistent with the ratio of the non-Drude component in the TA curve at the 

LAO/STO heterointerface. As shown in Fig. 3(b), the gradually rising component is dominant 

in the TA dynamics at the LAO/STO heterointerface (excited at 3.88 eV), indicating that the 

non-Drude TA component is much larger than the Drude component. This indicates that most 

of the photoexcited electrons at the heterointerface relax into localized polaron states, which 

would suppress the electron mobility. 

In this work, we studied the relaxation dynamics of free electrons into polaron states in 

SrTiO3 bulk crystals and n-type LAO/STO heterostructures. On the basis of the TA dynamics 

measurements, we estimated the carrier relaxation time at low temperatures and revealed that 

polaron formation is strongly suppressed at the LAO/STO heterointerface, unlike SrTiO3 bulk 

crystals. We discussed the slowing down of the time required for polaron formation in 

quasi-2DEG systems in conjunction with the t2g energy splitting due to the strong electric field 

at the interface. Our results should provide important insights into the unique electronic 

conduction mechanisms of oxide interfaces. 
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Figure 1 (Color online) 

(a) PL spectrum of LAO/STO heterostructure at 7 K under an excitation of 3.82 eV. The PL 

intensity above 3.0 eV is expanded. (b) Schematic picture of the penetration depth for 

excitation light at 3.82 eV and 3.49 eV. (c)(d) PL spectra of LAO/STO heterostructures and 

Nb-STO crystals near the band gap energy at 7 K under an excitation of 3.82 and 3.49 eV.  

 

Figure 2 (Color online) 

(a) TA dynamics of Nb-STO at 7 K under different probe energies. The dotted curves show 

the exponential fitting results with a relaxation time of 40 ps. (b) Enlarged view of the TA 

dynamics in the range of 3~13 ps at a probe energy of 1.38 eV. (c) TA spectra monitored at 5 

ps and 300 ps. The dotted lines for TA at 5 ps and 300 ps are the fitted curves for a simple 

Drude dispersion (ω–2) and Drude dispersion added with a Gaussian function, respectively. (d) 

Band diagram and TA processes in SrTiO3. Red arrows correspond to (X) free carrier 

absorption and (Y) transition from localized states to the free conduction band state. The blue 

broken arrow refers to the energy relaxation of electrons into localized states. 

 
Figure 3 (Color online) 

TA dynamics of (a) Nb-STO and (b) LAO/STO heterostructures at 7 K under an excitation of 

3.88, 3.65, and 3.35 eV. The solid curves correspond to fits of a single exponential function in 

Nb-STO and a double exponential function in LAO/STO heterostructures.  

 

Figure 4 (Color online) 

(a) Electron relaxation times of Nb-STO, Ar-STO, and LAO/STO heterostructures as a 

function of the penetration depth of the excitation light. (b) Schematic band diagram at the 

LAO/STO heterointerface and the penetration depth for excitation light at 3.88 eV and 3.35 

eV. (c) Schematic graph of the energy diagram of t2g levels of Ti 3d orbitals. 

 

 
 










