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Abstract 

As with other transition-metal oxide interfaces, LaTiO3/SrTiO3 interfaces exhibit interesting electronic 

properties, such as a two-dimensional electron gas. While the available Mott states and multiple pathways 

to metallicity in LaTiO3 can lead to a variety of applications in oxide electronics, the origin of the 

different properties remain uncertain. Utilizing real-time, in-situ X-ray diffraction at the synchrotron, 

robust but thin LaTiO3/SrTiO3 heterostructures were fabricated using oxide molecular beam epitaxy. A 

thickness of six unit-cells was determined to be critical, at which point the LaTiO3 / SrTiO3 

heterostructures begin to sustain sharp, well-defined interfaces. The layers of LaTiO3 and SrTiO3 were 

sufficiently thin to benefit from the finite escape length of electrons at resonant soft X-ray photoemission, 

and the heterostructures were transferred in vacuo after growth to another chamber for synchrotron-based 

X-ray photoemission spectroscopy studies. With the X-ray energy tuned to the Ti-2p resonance, the 

LaTiO3/SrTiO3 interfaces could be probed with enough penetration depth and selectivity. It is shown that 

all of the heterointerfaces exhibit the 2-dimensional electron gas.  

 

Interfaces between two different perovskite oxides continue to be investigated extensively due the novel 

electronic properties that can emerge such as the formation of a two-dimensional electron gas (2DEG) [1, 

2, 3]. First reported for the (001) heterointerface between LaAlO3 and SrTiO3 (LAO/STO) [4], it was later 

revealed that in addition to oxide heterointerfaces a 2DEG is formed at the vacuum interface for cleaved 

SrTiO3 [5]. These findings and others suggest that oxygen deficiency helps to induce 2DEG formation. 

However, there have also been efforts to attribute the 2DEG to the presence of quantum well states at the 

interface, in analogy with group IV and III/V systems, with states forming on the STO side of the 

interface due to the band bending [6]. Naturally, this has led to additional studies, including those on 

oxide superlattices and oxide-sandwiches, the latter consisting of a single unit cell (uc) of LaXO3 or a 

single layer of a rare earth oxide sandwiched between STO layers. Exhibiting the standard quantum well 

geometry, these have proven to be clean and relatively simple systems for studying the origin of the 

2DEG [7, 8, 9, 10] and investigating the effects of confinement [11, 12]. However, direct investigations of 
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the interfacial electronic structure have been limited to systems with relatively small overlayer 

thicknesses, i.e., up to a few monolayers. This is due to the relatively short penetration/escape depth of 

typical electronic probes, such as those used in angle-resolved photoelectron spectroscopy (ARPES). 

Similar to LAO/STO, the interface between LaTiO3 and SrTiO3 (LTO/STO) has been described as a 

quantum well system [13, 14, 15, 16] although the usual spectroscopic signatures of quantum well states 

have hardly been found. This may be due in part to the complex properties of the transition metal oxides. 

While stoichiometric LTO is non-magnetic insulator at room temperature, it becomes an 

antiferromagnetic Mott insulator below 146 K [17, 18, 19, 20, 21].  Below this transition, two of the three 

Ti-3d  lower Hubbard bands (LHB) no longer lie just below the Fermi level but shift into the gap, 

reducing the charge transfer gap (gap between Ti and O derived states), and LTO becomes 

antiferromagnetic . Early work on LTO/STO heterostructures was focused on the properties of ultrathin 

LTO layers [1], including 2 unit cell (uc) LTO films on STO [22] and 1 uc LTO sandwiched between 

STO layers [23]. In this report, we discover that an LTO thickness of at least 6 uc is necessary for the 

synthesis of sharp, well-defined interfaces. We describe the atomic and electronic structures of a series of 

LTO/STO samples designed to probe the physics of the LTO/STO interface. 

The LTO/STO heterostructures were grown on TiO2-terminated Nb-doped (0.5 wt.%) STO (001) using a 

molecular beam epitaxy (MBE) growth chamber mounted on and coupled to an X-ray diffractometer at 

Sector 33-ID of the Advanced Photon Source (APS) [24, 25]. Efficient determination of the proper 

growth conditions requires in situ monitoring of the film structure, as LTO growth at oxygen background 

pressures that are too high can lead to formation of the monoclinic structure (La2Ti2O7) instead of LaTiO3 

[26] due to oxygen intercalation [27]. For films grown by pulsed laser deposition (PLD), researchers have 

found that the oxygen background must be below 1x10-4 torr for growth within the 650 - 900° C 

temperature range; growth above this pressure leads to La2Ti2O7 [26]. In addition, although bulk LTO is 

an insulator, LTO films can be metallic for several different reasons. For example, when a film is 

tetragonally distorted due to the strain from the substrate, LTO films can become metallic [28, 29, 30]. 

Signatures of strain-induced metallicity are most apparent in films above ~4 uc in thickness [13]. 

Metallicity can also originate from a slight excess of oxygen [31]. As a result, the properties of LTO are 

highly sensitive to both stoichiometry and strain. We find that MBE offers improved control in terms of 

cation/anion stoichiometry and defect management, particularly when performed in coordination with in 

situ techniques.  

The oxide MBE system is equipped with a reflection high energy electron diffraction (RHEED) system, 

several effusion cells, and a crystal thickness monitor. The LTO films were grown by co-deposition of 

lanthanum and titanium at 700C in a background of oxygen. Oxygen partial pressures ranging from 1.5 

to 2.5 x10-8 Torr were maintained throughout deposition after ultra-high-vacuum (UHV) outgassing of the 

substrates at 300C. The optimal deposition window was experimentally determined, with the relatively 

low oxygen pressure preventing the incorporation of excess oxygen into the film, and the moderately low 

growth temperature suppresses interdiffusion of oxygen from the substrate. STO deposition was 

performed by the shuttered growth technique, alternating between the strontium and titanium sources. 

Prior to growth, the STO substrates were processed to exhibit TiO2 surface termination [32, 33]. We 

measured the specular rod immediately after growth and also after the sample was cooled to room 

temperature. All of the X-ray diffraction measurements were performed in situ. The MBE chamber is 

equipped with large Be windows to facilitate access to large volumes of reciprocal space and enable the 

immediate characterization of film structures as they form. The following three heterostructures were 

grown and studied: a single interface LTO/STO-substrate (sub), a double interface STO/ LTO/STO-sub, 

and a triple interface LTO/ STO/ LTO/STO-sub, where all of LTO and STO layers are 6 uc thick. They 



are depicted in Figure. 1. Details on MBE growth and in situ X-ray diffraction measurements for the 

single interface sample and the double interface sample are provided in the reference 34. 

 

 

 

 

 

During the growth of the triple interface sample, scans along the specular rod (00L scans) were repeated 

over the L = 0.5 to 1.5 range. These measurements were initiated at the completion of each unit cell. For 

each LTO unit cell, deposition took 389 seconds. The initial scan took 194 seconds. However, the scans 

were accelerated until the scan time became 110 sec by the start of the 5th LTO unit cell. Figure 2(b) and 

(c) show results from measurements taken during growth of first 6 uc of LTO and the subsequent 6 unit 

cells of STO, respectively. The deposition times during the STO cycle were 269 sec for Sr and 372 sec for 

Ti. The step-by-step increase in the number of interference fringes shows that the quality of the sample 

remains high during growth and that the quality of the sample was preserved. Figure 2(a) shows the 00L 

scan from the finished sample. The excellent contrast of the interference fringes between Bragg 

reflections up to high values of L indicates the growth of a sample with extremely smooth interfaces. 

FIG. 1. Schematics of single, double, and triple LaTiO3/SrTiO3 heterostructures grown by oxide MBE 

on Nb:STO (001) substrates and alternating deposition of six unit cells of  LaTiO3 or SrTiO3. 

 



 

 

 

 

 

 

 

 

After deposition, the as-grown samples were transferred to a UHV suitcase, which was kept under < 10-9 

Torr and connected to the oxide-MBE chamber through a load-lock. They were then moved to a soft x-ray 

ARPES chamber at 29-ID for spectroscopic characterization. Keeping the samples in UHV eliminates the 

need for a capping layer; X-ray photoemission spectroscopy (XPS) overview scans show only the 

constituent species, confirming that the samples remained pristine [34]. In addition, the use of a vacuum 

suitcase removes any need for in situ annealing, ensuring that the oxidation state for the samples remains 

unchanged between growth and spectroscopic measurements. 

Angle-resolved photoemission spectroscopy (ARPES) data were taken both at the Ti-2p resonant energy 

(h = 460 eV) in order to take advantage of the significant enhancement of signal observed when the 

photon energy matches an absorption edge. Figure 3 shows ARPES band dispersion at the zone center, 

taken on resonance. Normally in this energy range, the electron mean free path is ~ 1 nm [16] with the 

emitted electron intensities reduced by 90% after electrons travel through ~ 6 unit cells (2.4 nm). 

However, the probe depth at the Ti-2p energy is enhanced beyond 6 unit cells due to the resonance of the 

FIG. 2. (00L) scans during LTO/STO/LTO/Nb-STO(001) sample. (a) A wide–range 

scan from the completed sample. (b) Short-range pseudo-real time scans during first 6 

uc LTO deposition.  The bottom black squares are for the scan before the start of the 

deposition. Each scan was initiated at the end of one unit-cell formation. (c) Scans 

during STO cycle on first LTO layer.  



Ti cations [35, 36], and our resonant spectra include information from buried interfaces. Using three 

samples with alternating LTO/STO stacks incrementally added, the interfaces are sequentially probed 

from the bottom. In this way, effective depth profiling of LTO/STO superstructure has been achieved. 

The ARPES intensities were integrated over the Brillouin zone to produce partial density-of-states 

(pDOS) plots. These are shown in Figure 3(d). The intensities from the single interface sample (6 uc 

LTO/STO-sub) are higher and scaled down by factor of 0.75 in the graph. 

From the X-ray spectroscopy we observe the following trends on all three samples: as we tune the photon 

energy to the Ti-2p resonance we see the emergence of states within the band gap regardless of the exact 

surface termination. This includes the sharp peak crossing the Fermi level (corresponding to the 2DEG) 

and a broad feature centered at -1.1 eV, corresponding to the formation of a lower Hubbard band. The 

valence band, which consists primarily of oxygen-derived states, is consistent with the known surface 

termination of LTO or STO.  

There are many reports [e.g., Ref. 37] that oxygen vacancies create a defect band at -1.3 eV. Aiura et al. 

observed that small amount of oxygen exposure (0.3 Langmuir) removed the -1.3 eV band and concluded 

that this band belongs to surface states [37]. It is also thought that these vacancies induce the 2DEG on 

STO surfaces. In addition, it has been observed that TiO2-terminated STO actually has a double TiO2 

layer termination which is known to exhibit both oxygen deficiency and the 2DEG [38, 39]. However, 

unlike the defect band in STO, which due to the localized nature of the defects has no dispersion, this 

feature for the LTO terminated films is distinct both in a more narrow band width when compared to STO 

and broad dispersion [34]. The fact that the STO terminated films do not show a clear peak in the angle-

integrated energy distribution curve, which represents the partial density of states (pDOS), corroborates 

the attribution of this feature to the LHB of LTO.  Comparing the ratio of the intensity at the Fermi level 

with that of the valence band, we see that for the single interface LTO/STO-sub they are comparable 

while for the two and three interface films (STO/LTO/STO-sub and LTO/STO/LTO/STO-sub) it is 

significantly reduced. However, this does not suggest that the 2DEG exists only at the interface between 

the first LTO and the STO substrate as the decrease in intensity does not follow the exponential decay 

expected for a buried interface. Even for the Ti-2p resonance measurements, most of the photoemission 

intensities can be attributed to the interface nearest the surface. One cannot observe data from below the 

top two 6 unit cell overlayers (~1% transmission). This suggests that the 2DEG resides at each STO/LTO 

interface. Interestingly, we see that the ratio of the 2DEG to the Hubbard band in the LTO-terminated 

film is the same whether it is the LTO/STO-sub or the LTO/STO/LTO/STO-sub film. Due to the short 

electron inelastic mean free path, this depth dependence precludes attributing the LHB to oxygen 

deficiency at STO surface/interfaces.  

The LTO/STO-sub film clearly has two different oxidation states, Ti4+ and Ti3+, as evidenced by the two 

peaks observed in the Ti-2p XPS and in the ratio of the L2 and L3 edges in the Ti-2p X-ray absorption 

spectrum (Supplemental Figure 5).  There could be multiple pathways leading to Ti4+ peaks in LTO. As 

shown by Scheiderer et al. [19], it can come from extra oxidation at the topmost TiO2 layer or oxygen 

diffusion from the substrate. However, the sample growth condition should suppress extra oxidation, and 

the X-ray diffraction data indicate very sharp interfaces between layers. Our case should be similar to one 

previously reported regarding charge redistribution at polar/non-polar interfaces as determined from 

STEM-EELS (scanning transmission electron microscopy-energy loss spectroscopy) [1]. In the La2Ti2O7 

phase, all of Ti ions are 4+. However, to form the La2Ti2O7 phase in the film, far higher oxygen pressure 

is required than the oxygen pressure used in the present study [26, 27]. More importantly, the synchrotron 

X-ray diffraction data do not provide any evidence of La2Ti2O7. 

  



 

   

 

FIG. 3. Band dispersion at the zone center with incoming photon energy at Ti-2p resonance (460eV) 

for (a) a single LTO/STO interface, 6 uc LTO on STO-sub (001) (b) a double LTO/STO interface, 6 

uc STO/ 6 uc LTO/ STO-sub (001) and (c) a triple LTO/STO interface, 6 uc LTO/6 uc STO/ 6 uc 

LTO/ STO-sub (001). The color scale was adjusted individually for maximum contrast. (d) pDOS 

from integration of ARPES over Brillouin zone. (e) ARPES sensitivities through the slabs from 

electron escape length. 

 



 

Previous photoelectron spectroscopy measurements (h =21.2 eV) by Takizawa et al. on 2 uc LTO show 

a similar feature at ~ -1eV [22]. These samples were capped with 2 uc STO. Their spectrum exhibits band 

gaps from 3 to 4 eV, and the valence band maxima are similar to those shown here, in agreement other 

theoretical and experimental works [22]). The sharp peaks near the Fermi level are from the Ti-3d states. 

While these states correspond to the 2DEG, it is uncertain whether the 2DEG originates from TiO2-

terminated STO or from the LTO/STO interfaces. For these heterostructures, only the double interface 

sample (6 uc STO/ 6 uc LTO/ STO-sub) has a TiO2-terminated STO layer at the top, dominating the 

photoemission signal. The 2DEG near the Fermi level on this sample is the weakest among three, 

suggesting that the 2DEG originates at the LTO/STO interfaces. Chang et al. investigated the evolution of 

the band structure of 1 uc LTO and with subsequent STO overlayers, finding that the 2DEG persists as 

the LTO is buried [23]. Unlike in the present study, a thick, insulating STO buffer layer was first 

deposited on the initial Nb-doped STO substrate, and they found a very clean gap without a 2DEG. This 

agrees with the claim that the TiO2 termination of STO by itself is not a sufficient condition for the 

formation of a 2DEG [40]. Another salient but puzzling feature is that the single interface sample (6 uc 

LTO/STO-sub) has non-zero pDOS in the gap around -3.5 eV. 

As mentioned earlier, bulk LTO transitions to an antiferromagnetic Mott insulator below 146 K. ARPES 

measurements on the single interface sample were recorded at 175 K and 30 K to probe the opening of a 

Mott gap; probing the antiferromagnetic ordering is outside the scope the of the experiments presented 

here. The results are shown in Figure 4. The ARPES map at 175 K appears to have a higher background 

and a diffuse intensity distribution than the one at 30 K since the phonon scattering modes are not frozen 

out at these higher temperatures. When the high temperature data are scaled up by factor of 1.5, the pDOS 

for the two temperatures show little difference in the line shape, and the curves overlay. For all 

temperatures, the density of states near the Fermi level are dominated by the 2DEG and the Mott gap is 

not detectable. However, in addition to the 2DEG being stable at both temperatures, we observe no shift 

in position or intensity for the lower Hubbard band at ~1 eV and no any change in the position of the 

valence states between -4  and -12 eV binding energy, suggesting that there is no metal-insulator 

transition. According to theory [17], the lower Hubbard bands should move down to the band gap by ~ 

2eV and leave the upper Hubbard band at the conduction band when going through the transition. This 

should result in changes to the band gap and the density of states near the Fermi level. The DFT 

calculation in Ref. 17 shows changes to lower-occupied Hubbard band on the order of 1 eV at the �̅� point. 

However, the DFT calculation does not agree with experiment in its estimation of the Mott gap. The 

experimental Mott gap is about 0.1 eV [18, 19], and the DFT results predict far larger Mott gaps [17]. The 

transition to an antiferromagnetic phase may be obscured by the 2DEG density of states or be too subtle 

for this experiment, where the experimental resolution was 250 meV. However, it is also likely that the 6 

unit cell LTO is not thick enough to develop electronic properties similar to the bulk phase. The EELS 

results from Ohtomo et al. study clearly show the emergence of bulk-like charge states near the center of 

LTO only after the film is sufficiently thick [1].  

 



   

 

In summary, in order to probe the relationship between Mott physics and the formation of a 2DEG, three 

heterostructures with a multiple number of LTO/STO interfaces were synthesized sequentially to probe 

one interface at a time. The choice of individual film thicknesses was made to guarantee high quality 

heterostructures and allow ARPES studies of the interfaces. This allows interface-by-interface selectivity 

in the spectroscopy. Exploiting the Ti-2p resonance and alternating layer stacking sequence, we are able 

spectroscopically probe the LTO/STO-sub, STO/LTO and LTO/STO interfaces. Utilizing in situ X-ray 

diffraction in real time, the film structure was monitored during oxide MBE growth of each layer. This 

allowed the determination of the thickness necessary for achieving well-defined LTO heterostructures and 

help to guarantee the interfacial integrity of the fabricated samples. The samples were kept clean and 

moved to another location for ARPES in a UHV suitcase, avoiding the need of a capping layer or in situ 

cleaning. Soft X-rays at Ti-2p resonance were used to enhance penetration to deeper interfaces (more than 

for ultra-violet wavelengths). The ARPES measurements here in combination with previous work suggest 

that the observed 2D electron gases are from LTO/STO interfaces and not from the TiO2-terminated STO 

surface. Temperature-dependent ARPES measurements did not show any change in the lower Hubbard 

band through the bulk phase transition, which runs counter to the DFT calculation. Our study 

demonstrates the benefit of multi-modal investigations for understanding the structural and electronic 

properties of oxide interfaces. 
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