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Surface triggered stabilization of metastable
charge-ordered phase in SrTiO3

Kitae Eom 1,2,12, Bongwook Chung 1,12, Sehoon Oh1, Hua Zhou 3, Jinsol Seo4,
Sang Ho Oh 4, Jinhyuk Jang 5, Si-Young Choi 5, Minsu Choi1, Ilwan Seo 6,
Yun Sang Lee6, Youngmin Kim7, Hyungwoo Lee7,8, Jung-Woo Lee 9,
Kyoungjun Lee10, Mark Rzchowski11, Chang-Beom Eom10 & Jaichan Lee 1

Charge ordering (CO), characterized by a periodic modulation of electron
density and lattice distortion, has been a fundamental topic in condensed
matter physics, serving as a potential platform for inducing novel functional
properties. The charge-ordered phase is known to occur in a doped system
with high d-electron occupancy, rather than low occupancy. Here, we report
the realization of the charge-ordered phase in electron-doped (100) SrTiO3

epitaxial thin films that have the lowest d-electron occupancy i.e., d1-d0. The-
oretical calculation predicts the presence of a metastable CO state in the bulk
state of electron-doped SrTiO3. Atomic scale analysis reveals that (100) surface
distortion favors electron-lattice coupling for the charge-ordered state, and
triggering the stabilization of the CO phase from a correlatedmetal state. This
stabilization extends up to six unit cells from the top surface to the interior.
Our approach offers an insight into the means of stabilizing a new phase of
matter, extending CO phase to the lowest electron occupancy and encom-
passing a wide range of 3d transition metal oxides.

Strongly correlated materials are a fascinating platform to explore
emergent phenomena because the macroscopic properties are often
governed by a collective behavior of a charge, lattice, spin, and orbital
structures rather than by its individual components. One prominent
example, charge ordering (CO) refers to the ordering of themetal ions
in different oxidation states in specific lattice sites of mixed valent
materials, resulting in the system into insulating or semiconducting
properties. The CO phase often hides in the phase diagrams and is
usually competing with superconductivity1–3 or mediating the colossal
magnetoresistance1,4–6, thus has been the fundamental subject in

condensed matter physics. Furthermore, the nature of symmetry
breaking in the CO phase enables to induce of ferroelectricity, even
multiferroicity7–9, making it more attractive for device applications.
While the precise microscopic mechanism of CO formation remains
under intense scrutiny, the presence of intrinsic electronic instabilities
concomitant with structural distortion is widely accepted for the cri-
tical boundary condition to stabilize CO phase10,11. Therefore, a pre-
dictive guideline for the stabilization of CO is of great interest both
from fundamental and technological points of view.
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In this work, we report the discovery of a charge-ordered phase in
epitaxial thin films of strongly correlated oxide with the lowest d-
electron occupancy. As a model system for this study, we used
electron-doped SrTiO3 (STO), that is 25% La-doped SrTiO3 (LSTO)
which is far below the onset of the Mott transition, following a Fermi-
liquid behavior. Strontium titanate has been placed at the center of
oxide electronics yielding an immense variety of physical properties
including superconductivity12, ferroelectricity13, flexoelectricity14, and
ferromagnetism15,16. Among them, the nature of superconductivity in
STO has been a longstanding subject of debate in the literature17–19

although it was the first oxide superconductor to be discovered12. In
particular, recent research has shown that the CO phases encroach on
the superconducting phase in other families of oxide superconductors
such as cuprates and nickelate20,21. Therefore, a natural question is
whether these ordered states are also present in STO. Here, we pro-
pose a general framework for creating aCOphase in perovskite oxides.

Results and discussion
To test the feasibility of the CO phase in the electron-doped STO, we
first perform first-principles density functional theory (DFT) calcula-
tions and find the presence of an insulating charge-ordered state. This
metastable state shows the periodic expansion and contraction of the
oxygen octahedral pattern, distinct from the metallic nature of bulk
LSTO state (Fig. 1a). It also shows the periodic charge modulation of
Ti3+O6 and Ti4+O6 with the expanded and contracted TiO6 octahedra
(Fig. 1b) and exhibits the antiferromagnetic Mott insulating behavior
with the localized d band (Supplementary Fig. 1). To explore a possible
way to stabilize metastable CO phase, we further analyze the lattice
modulation by decomposing it into the 4 representative octahedral
distortion modes: the inter-layer breathing mode (Φ1), intra-layer
breathing mode (Φ2), Jahn-Teller type distortion mode (Φ3), and the
antiferrodistortive rotation (Φz-) (see Fig. 1c–f, and Supplementary
Note 1). Analyzed oxygen displacements and oxygen octahedral rota-
tion angle of each distortion mode at the CO phase are d1 = 4.24 pm,
d2 = 3.41 pm, d3 = 2.59pm, and θz- = 9.08°, respectively. Since the
amplitude of the inter-layer breathing mode (Φ1) is relatively larger
than thatof other distortionmodes,wehypothesize that the activation
of the inter-layer breathing mode (Φ1) may be a critical role in stabi-
lizing the CO phase.

In the thin film geometry, the surfacedistortion is usually initiated
by the termination of a crystalline material along the surface normal
direction, i.e., dangling bonds at the topmost surface. For example,
considering a single-terminated perovskite oxide surface, the relaxa-
tions of shortening the bond lengths generally result in the displace-
ment of surface anions away from the surface and that of surface
cations towards the bulk22–24. Especially, the apical oxygen of the
octahedron just below the surface is pulled up towards the surface
(Fig. 1g), which is similar to the oxygenmotion of inter-layer breathing
mode (Φ1) (Fig. 1c). This is due to the decreased coordination number
of Ti cations i.e., from TiO6 octahedra to TiO5 square pyramids. This
indicates that the distortion occurring at the single terminated (001)
oriented surface can be a driving force to promote the breathingmode
along the surface normal direction, triggering stabilization of the CO
phase. In particular, when the film thickness reaches the ultrathin
regime, one expects strongmodification of the properties of the entire
film such as insulating properties which aremacroscopic properties of
the CO phase. Therefore, we conclude that the metastable CO phase
can be stabilized in (001) oriented thin film of electron-doped STO.

To activate the required inter-layer breathingmode (Φ1) along the
surface normal direction, we experimentally synthesized high-quality
La0.25Sr0.75TiO3 (LSTO) epitaxial thin films using pulsed laser deposi-
tion on TiO2 terminated (001) oriented STO single crystal substrate
(see Supplementary Note 2). The film thicknesses range from 4 to 30
unit cells (u.c.), which is controlled by in-situ reflection high energy
electron diffraction (Supplementary Fig. 4). A θ−2θ X-ray diffraction

analysis of the films shows little change in the out-of-plane lattice
constant as a function of LSTO film thicknesses (Fig. 2a). The in-plane
lattice parameter of the LSTO films is coincident with the STO sub-
strate, indicating that the LSTO films are coherently strained (Fig. 2b).
It should be noted that lattice mismatch between STO and LSTO is
negligible25, thus a strain is not likely to be the origin of our observa-
tion. The contrast inverse annular bright-field (ABF) STEM image
shows that LSTO/STO interfaces are atomically sharp and do not have
any misfit dislocations (Fig. 2c).

To explore the evidence of phase transition induced by surface
distortion, resistivity is measured as a function of temperature for
LSTO films with various thicknesses. However, the transport data of
films thinner than 6 u.c. are not shown in the entire temperature range
because the resistance becomes too high beyond the measurement
capability of our facilities. Figure 2d shows the evolution of resistivity
versus temperature curves with varying LSTO thickness. For thick-
nesses above 6 u.c., the films exhibit metallic characteristics which are
similar to the behavior in the bulk LaxSr1-xTiO3

26. The 6 u.c. thick film
exhibits a semiconducting or insulating behavior and the resistivity is
an order of magnitude higher than that of the 8 u.c. film at 300K,
clearly indicating theMIT. A detailed analysis of transport properties is
described in Supplementary Note 3. It is worth noting that the CO
phase usually exhibits an insulating characteristic. To verify the influ-
ence of surface distortion, we grew 10 u.c. thick of STO capping layer
on the LSTO film of various thicknesses and observed its significant
effects on the transport properties (see Supplementary Note 4). Spe-
cifically, 6 u.c. thick LSTO films exhibited an insulating behavior with-
out the capping layer but showed metallic behavior with the capping
layer of 10 u.c. thickness (Supplementary Fig. 6). These results suggest
that the insulating ground state in ultrathin LSTO film originates from
the top surface, rather than from the bottom interface or the bulk
interior of the film.

To obtain further insight into the thickness-drivenMIT, we carried
out spectroscopic ellipsometry. The ellipsometry probes photon
behaviors scattered by conduction electrons (coherent scattering) and
localized electrons (incoherent scattering). Figure 2e shows the real
part of the optical conductivity spectra σ1 (ω) for the LSTO films of
various thicknesses t. For the 20u.c. thick LSTOfilms,whose electronic
properties are nearly equivalent to that of the bulk phase, a simple
Drude mode (i.e., coherent mode) is clearly observed, as shown in
Fig. 2e. As film thickness decreases, the lowest energy region of σ1 (ω)
decreases, while the hump feature at 1.3 eV, indicative of the inco-
herentmode, increases for thinner films. This crossover fromcoherent
to incoherent modes continues down to t = 6 u.c., and at thinner t, the
Drude mode is abruptly suppressed and only the incoherent mode
remains, indicative of the MIT. The existence of the incoherent mode
in our spectra suggests the formation of the localized band of the
carriers within the CTE gap. It should be noted that the incoherent
mode near 1.3 eV in our LSTO film cannot be explained by quasi-
classical polarons. The quasi-classical polaron state in doped SrTiO3 is
reported to formbelow0.5 eV27,28, which is significantly lower than the
energy level observed in our case. However, in ordered phases such as
the CO and orbital ordering (OO), the inter-site hopping of electrons is
often disrupted by Coulomb repulsion, leading to an increase in the
optical gap29. Previous reports have indicated that transition metal
oxide ultrathin film undergoing a correlated induced MIT exhibit an
absorption near 1.5 eV30,31. Based on the findings, we speculate that the
adsorption near 1.3 eV in ultrathin LSTO film is likely attributed to the
correlated induced MIT and is reminiscent of the CO phase. Note that
the incoherent mode in our optical conductivity spectra (Fig. 2e) well
matched with the energy of the occupied d band is ~1 eV below that of
the lowest unoccupied state in metastable CO state at bulk LSTO
(Supplementary Fig. 1).

Next, we carry out atomic-scale structural and spectroscopy
imaging, Coherent Bragg rods analysis (COBRA), and STEM-EELS to
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explore atomic and electronic structures in LSTO thin film. Figure 3b
displays representative COBRA fits to experimentallymeasured crystal
truncation rods (CTRs) by synchrotron surface X-ray diffraction on
LSTO 8u.c./STO at room temperature. The reconstructed 2D electron
density map of LSTO sliced through the (110) atomic plane is shown in
Fig. 3a. All the atomic positions, including oxygen atoms, are clearly
visible as discrete peaks in the electron density map. Since lattice
modulation is reminiscent of the CO phase, we focus on the layer-

resolvedoxygen octahedral distortion that is represented by the apical
oxygen to oxygen distance (OApi. – OApi. distance), i.e., the height of
TiO6 octahedron (Fig. 3c and Supplementary Fig. 10). Remarkably,
COBRA results show that the expanded and contracted oxygen octa-
hedra alternate along the c-axis, indicating the presence of periodic
octahedral distortion in the LSTO film. Note that the two-sublattice
modulation of TiO6 octahedron height (Fig. 3c) corresponds to inter-
layer breathing mode (Φ1) (Fig. 1c).
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The electron density is also examined by STEM-EELS analysis.
Since the electronic structures of transition metal oxides strongly
depend on the filling of their d-orbital state, normalized layer-resolved
Ti-L2,3 edge spectra are collected through the entire thickness of the
LSTO films (Supplementary Fig. 11). The variation of the Ti valence
could be estimated from the fine details in the Ti L2,3 edge32. As shown
in Fig. 3d, we quantitatively calculate the Ti3+ fraction using the stan-
dard spectra of STO (Ti4+) and LTO (Ti3+)32,33. The proportion of Ti3+

clearly oscillates and diminishes near the STO substrate region, indi-
cating the periodic electron density modulation in the LSTO film.
Taken together, our observations from COBRA and EELS analysis
reveal strong evidence of the periodic charge and structural modula-
tion. Starting from the -1st layer (i.e., the subsequent layer of the

topmost surface), the longer apical oxygen to oxygen distance (Fig. 3c)
is first observed with localized electrons (i.e., Ti3+ state) (Fig. 3d). The
-2nd layer has the opposite behavior, i.e., shorter apical oxygen to
oxygen distance (Fig. 3c) with the formation of the Ti4+ state (Fig. 3d).
Interestingly, this phase penetrates 6 u.c. from the surface, forming
periodic modulation of the electron density and lattice distortion
which eventually disappears near the interface between the LSTO film
and substrate. It should be noted that the 6 u.c. is the same as the
critical thickness for the MIT in LSTO.

To understand the underlying physics of the above system, we
investigate the atomic and electronic structures of the LSTO filmswith
various thicknesses t, on the STO substrate (see Supplementary
Note 8) based on first-principles calculations. In a nutshell, the
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calculation results show the metal (t > 6 u.c.) to insulator (t ≤ 6 u.c.)
transition (Fig. 4a and Supplementary Fig. 13) with the periodic mod-
ulation of the lattice and the electron density, i.e., alternating Ti3+/4+O6

and Ti4+O6 octahedral layers, penetrating up to 6 u.c. from the surface
into the interior regardless of the film thickness, which is fully con-
sistent with the experimental observation (Fig. 2c, d). For an ultrathin
film (t ≤ 6 u.c.), the entire film becomes the modulated structure that
contains alternating layers with expanded and contracted TiO6 octa-
hedra. Figure 4b–d shows the obtained DFT results of the 6 u.c. thick

LSTO film (t = 6 u.c.) on STO. The lattice modulation with Ti3+/4+O6 and
Ti4+O6 octahedra is represented by schematics (Fig. 4b). The layer-
averagedheight of TiO6 octahedron (i.e., OApi.–OApi. distance), and the
layer-averaged volume of TiO6 (Fig. 4c) are quantitatively analyzed to
compare with our experimental result (Fig. 3c). The calculated layer-
resolved density of states (DOS) shows the periodicmodulation of the
electron density (Fig. 4d).

We further analyze the obtained atomic and electronic structure
in detail, and the lattice modulation by decomposing it into the 4

d
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representative octahedral distortion modes: the inter-layer breathing
mode (Φ1), intra-layer breathingmode (Φ2), Jahn-Teller type distortion
mode (Φ3), and the antiferrodistortive rotation (Φz-) (Supplementary
Fig. 14). Note that the analyzed results are consistent with metastable
CO state in bulk LSTO (see Fig. 1c–f, and Supplementary Note 1). Using
the obtained distortion modes and the calculated layer-resolved DOS,
we explain the atomic and electronic structures of the film and their
coupling layer-by-layer. On the -1st, -3rd, and -5th layers (odd-num-
bered sublayers), TiO6 octahedra expand in the out-of-plane direction
(Φ1) (Fig. 4c and Supplementary Fig. 14a) and some of them expand
more than the others (Φ2) (Supplementary Fig. 14b). Consequently, the

out-of-plane t2g orbitals (dxz/dyz orbitals) of Ti ions in the more
expanded octahedra become localized and energetically stable (Sup-
plementary Fig. 16), ~1 eV below than the other t2g states (Fig. 4d). In
contrast, the −2nd and -4th layers’ TiO6 octahedra slightly contract in
theout-of-planedirection (Fig. 4c andSupplementary Fig. 14a), and the
energy levels of the t2g states are relatively unchanged except for the
slight increase of the dxz/dyz band energy (Fig. 4d). As a result, all the
electrons from the LaSr dopants occupy the low-lying localized dxz/dyz
band of the odd-numbered sublayers opening the Hubbard gap, while
all the t2g states of the even-numbered sublayers are unoccupied
(Fig. 4d). Hence, the entire LSTO film becomes an insulator which
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Fig. 4 | Atomic and electronic structure of LSTO film on STO (001). a Calculated
spin-polarized density of states (DOS) of the LSTO/STO slab with various film
thicknesses of LSTO t = 2, 4, 6, and 8 unit cells (u.c.). The spurious electronic states
originating from the fixed bottom layer of the slab are excluded from the DOS (see
Supplementary Note 8). For t = 2, 4, and 6 u.c., the midpoint of the energies of the
lowest unoccupied state and the highest occupied state is set to be zero and
represented by the vertical line. For t = 8 u.c., the Fermi energy is set to be zero and
represented by the vertical line.b–dCalculated atomic and electronic structures of
the LSTO/STOslabwith t = 6 u.c.bSchematicdrawingof the atomic structureof the
slab. c The layer-averaged height (blue line with the closed triangles) and volume
(red line with the open diamonds) of TiO6 octahedra of the slab. d The layer-
resolvedDOS projected onto the Ti 3d t2g orbitals. The lower Hubbard bands (LHB)

and the upper Hubbard bands (UHB) of the odd-numbered sublayers are at E ~ −0.5
and 4.5 eV, respectively. e Schematic representation of the atomic structure of the
LSTO filmon STO (001) surface for t = 8 u.c. fCalculatedDOSof the charge-ordered
LSTO film (t = 6 u.c.) projected onto the Ti 3d t2g orbitals. g X-ray linear dichroism
(XLD) spectra around the Ti-L2,3 edge of the LSTO film for t = 30u.c. (blue line), and
6 u.c. (red line). In (a, d, f) positive and negative regions correspond to the up-spin
and the down-spin states, respectively. In (b, e) green, purple, red, blue, yellow, and
white spheres represent the (La, Sr), Sr,O atomsandTi4+, Ti3+, andpartiallyfilledTi(4-
δ)+ cations, respectively. In (d, f) purple and green lines represent theDOSprojected
onto the Ti dxy and dxz + dyz, respectively. The midpoint of the energies of the
lowest unoccupied state and the highest occupied state is set to be zero and
represented by the vertical line. Source data are provided as a Source Data file.
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consists of alternating layers of Mott insulator (odd-numbered sub-
layers) and band insulator (even-numbered sublayers) as shown in
Fig. 4d. The 2 and 4 u.c. thick LSTO film (t = 2, 4 u.c.) showed similar
results to that of 6 u.c. thick film (Supplementary Fig. 17).

For LSTO films thicker than the characteristic length (t > 6 u.c.),
the top 6 layers with the CO state are sitting on top of the metallic
layers which do not have such a distortion. Figure 4e represents the
DFT results of the LSTO film with t = 8 u.c. on STO. Indeed, the top 6
layers of the film show the periodic distortion with the expanded and
contracted Ti octahedra, resulting in alternating layers with the elec-
tron density modulation (Supplementary Fig. 18) similar to the
t = 6 u.c. case (Fig. 4d). The -6th and -7th layers remain a metallic state
with the occupied conduction bands owing to the absence of the
periodic distortion (Supplementary Fig. 18). To summarize, the peri-
odic distortion penetrates the film up to 6 u.c., and the atomic and
electronic structures arenearly identical regardless of t. Thus, when t is
below the penetration length (t ≤ 6 u.c), the entire film becomes insu-
lating CO states (Fig. 4a, d and Supplementary Fig. 17), while when t is
larger than the penetration length (t > 6 u.c.), the metallic region
remains in the film (Fig. 4a and Supplementary Fig. 18).

To further support validity of DFT predicted electronic struc-
tures for the charge-ordered phase in LSTO film, we performed
synchrotron-based X-ray absorption spectroscopic (XAS) since XAS
can directly probe the unoccupied states (i.e., conduction band)
near the Fermi energy with chemical and orbital sensitivity34–36. As
shown in Fig. 4f, DOS of the charge-ordered LSTO film (t = 6 u.c.)
obtained from DFT calculation shows predominant Ti dxy orbital
polarization in the lowest unoccupied state (i.e., conduction band
edge). This originates from the contracted TiO6 oxygen octahedra
in the [001] direction within the −2nd and -4th layers (Fig. 4b–d) in
the inter-layer breathingmode (Φ1). We collected XAS spectra at the
Ti-L2,3 absorption edge with photon polarization E || ab (parallel to
the sample plane) and E || c (almost perpendicular to it) in total
electron yield mode. The difference between the spectra of the two
polarization configurations is pronounced when t = 6 u.c., while the
difference is smaller for thicker films (t = 30 u.c.) (Fig. 4g). In the
case of thinner films (i.e., charge-ordered insulating film), in-plane
orbital (dxy) is found to be lowest unoccupied state of conduction
band since the energy of L3:t2g peak obtained by E || c is much higher
than that obtained by E || ab (Fig. 4g). These results reveal that the
lowest unoccupied state of the ultrathin LSTO film consists of dxy
orbital, which is consistent with those obtained from the DFT cal-
culations of the charge-ordered phase in LSTO film (Fig. 4f).

The LSTOsurface structure in our case stabilizes a charge-ordered
Mott insulating phase with a nearly half-filled Ti 3d state of odd-
numbered sublayers, which is far below the known onset of the elec-
tron concentration for the Mott transition, i.e., La ~95%26. This is
because of the orbital selective Mott transition (OSMT) mechanism,
i.e., the system consisting of lower-lying dxz/dyz bands reduces the
critical interaction strength for Mott transition through the electron
localization due to the symmetry breaking37–39. It is also worth noting
that stripe-like unidirectional CO has been reported in SrO-terminated
STO surface40. This takes a place only at the reconstructed surface
regime, implying periodic electron and latticemodulations exist along
the plane. It should be noted thatwecould not find any evidence of the
reconstructed structure on the surface of the LSTO thin film (see
Supplementary Note 9). Another possible mechanism to explain
surface-driven MIT is the electron draining originated from oxygen
adsorbates on the film surface41. However, it has been reported that
such an effect is limited to 1 or 2 u.c. of the topmost surface41. Con-
sidering the relatively thicker critical thickness for theMIT in LSTO thin
film than the thickness of an electrical dead layer originated from
oxygen adsorbates41, we can exclude the effect of oxygen adsorbates
as the origin of the thickness-driven MIT in the LSTO film (Supple-
mentary Note 10).

In the present work, a surface dangling bond is key to triggering
the emergence of the CO insulating phase. We first confirm that sur-
face distortion, which originates from the dangling bond in the per-
ovskite oxide thin film42, through surface X-ray diffraction
measurements and performed COBRA analysis (see Supplementary
Note 9). The slices along the (200) and (110) atomic planes reveal a
downward rumpling on the 0th TiO2 sublayer (top surface) and upward
rumpling on the -0.5th (La, Sr)O sublayer (Supplementary Fig. 20).
Note that experimentally determined surface structures such as
atomic rumpling behavior at the surface layer is in a good agreement
with those obtained from the DFT calculations. Due to the dangling
bondof Ti ions on the surface, i.e., the decreased coordination number
of Ti atoms on the top surface layer, the apical oxygen of the octahe-
dron just below the surface is pulled up towards the surface through
Pauling’s second rule43,44 (Fig. 1g). With this constrained, near the
surface, metastable CO phase becomes more stable than the metallic
phase through the activation of the inter-layer breathing mode (Φ1)
(Figs. 1c, 3a andSupplementary Fig. 14a). In addition, surfacedistortion
is attenuated at depth due to the energy competition between the
metastable CO insulating phase and the bulk-likemetallic phase, which
is schematically shown in Supplementary Fig. 21. Calculating quanti-
tative values such as energy difference and the transition barrier
energy between themetallic phase and themetastable COphase of the
bulk would be interesting and helpful to understand the damping
behavior. But it’s beyond the scope of this work. In addition, we
anticipate that the CO phase is not limited to a specific doping con-
centration such as 25% LaSr, but could potentially exist in a certain
range of doping concentrations in the LaxSr1-xTiO3 system (see Sup-
plementary Note 12).

The stability of the CO phase in the thin film of electron-doped
STO originates from the nonequilibrium inter-layer breathing mode
along the surface normal direction, induced by surface distortion
occurring in the (001) oriented thin film. Our findings establish a fra-
mework for understanding phase transition phenomena in oxide het-
erostructures as the thickness is reduced below a certain critical
thickness30,31,35,45–47. We envision that our approach to stabilizing non-
equilibrium states will serve as a fertile platform for engineering CO
phase related functional properties, such as superconductivity,
colossal magnetoresistance, and multiferroicity in complex oxides.

Methods
Sample fabrication and electrical characterization
LSTO thin films were epitaxially grown on TiO2-terminated SrTiO3

(001) substrates using pulsed laser deposition (PLD) with in-situ
reflection high energy electron diffraction monitoring. To obtain the
TiO2-terminated substrates, as-received STO substrates were etched
using buffered-HF for 45 s and annealed at 1100 °C for 6 h. Before the
film growth, we performed the second chemical etching procedure
using buffered-HF for 10 s, to stabilize TiO2-terminated surface of the
STO substrate48. During the film growths, the temperature of PLD
sample heater was kept at 650 °C. The chamber pressure was 10−5Torr
consisting of amixture of oxygen/ozone. The surfacemorphology was
examined using atomic force microscopy, and the surface roughness
was below 1 u.c. for all samples. The electrical transport wasmeasured
using a physical-property measurement system (PPMS) under a rough
vacuum of a 10−3 Torr. Au/Pt were used as contact metals for van der
Pauw geometry.

Density functional theory calculations
The first-principles density functional theory (DFT) calculations were
performed with the Vienna ab initio simulation package (VASP)49,50.
The projected augmented wave (PAW) method51 with the 520 eV of a
kinetic energy cutoff and spin-polarized generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)52 scheme
were used. Spin-polarized calculation and the semi-empirical Hubbard
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+U approach53,54 with rotationally invariant formalism by
Liechtenstein55 were used to better description for exchange and
correlation effects. Here we used (U – J) = 5 – 0.64 eV for Ti 3d
orbitals56–59, while (U – J) = 11 – 0.68 eV for La 4 f orbital to avoid
spurious mixing with the conduction band of STO57,60,61. For lantha-
num, strontium, titanium, and oxygen, the valence electron config-
urations of 5s2 5p6 6s2 4f1, 4s2 4p6 5s2, 3s2 3p6 4s2 3d2, and 2s2 2p4 were
considered, respectively. The Hellman–Feynman force convergence
limit of 0.01 eV/Å is used for the atomic structure optimization. For the
LSTObulk calculation, Γ-centered 8 × 8 × 4 k-pointmeshes are used for
the atomic structure optimization and the self-consistent calculations
for the charge-convergence. For the slab calculation, Γ-centered
4 × 4 × 1 and 6 × 6 × 1 k-point meshes with 0.05 eV of Gaussian smear-
ing are used for the atomic structure optimization and the self-
consistent calculations for the charge-convergence, respectively. The
details can be found in Supplementary Notes 1, 8. 3D structural
visualization program VESTA was used to show the atomic structure62.

STEM and EELS measurements
The specimens for scanning transmission electron microscopy
(STEM) were prepared by using a triple-beam focused ion beam
system (NX2000, Hitach). The specimens were thinned by using the
Ga+ ion beam for electron beam transparency with decreasing the
acceleration voltage from 30, 5 to 1 kV. Subsequently, the Ar+ ion
beam at 1 kV was used for removing the surface damages on both
sides of the specimen. STEM imaging and electron energy loss
spectroscopy (EELS) were carried out on a STEM-equipped Cs cor-
rector (JEM-ARM 300 F, JEOL). The convergence angle of the elec-
tron probe for STEM was 34.8 mrad. The EELS data was obtained by
using an energy filter (Gatan GIF Quantum ER 965, USA). The energy
resolution was estimated as 0.6 eV from the full width at half max-
imum of zero loss peak. The Ti3+ fraction was calculated by using
multiple linear least square (MLLS) fitting on the Ti-L2,3 edge. The
reference EEL spectra of Ti4+ and Ti3+ were obtained from single
crystal SrTiO3 and LaTiO3 thin films, respectively. The reference EEL
spectra were used for the MLLS method to quantitatively evaluate
the Ti3+ fraction from the EELS Ti-L2,3 data.

Synchrotron crystal truncation rod and coherent Bragg rod
analysis
Synchrotron X-ray surface diffraction crystal truncation rod (CTR)
measurements were carried out to quantify the atomic structures with
a sub-Å precision of STO (8 u.c.) grown on STO (001) substrate. The
CTR measurements were performed on a Newport Kappa six-circle
diffractometer using a X-ray energy of 20 KeV at sector 33-ID-D of the
Advanced Photon Source, Argonne National Laboratory. The total
X-ray flux is about the 2.0 × 1012 photons s−1. The X-ray beam was
focused by a pair of Kirkpatrick–Baez mirrors down to a beam profile
of ~80μm (vertical) × 200μm (horizontal). The two-dimensional dif-
fraction images of CTRs at the out-of-plane L direction in the reci-
procal space were taken by a pixel array area detector (Dectris
PILATUS 100K). Samples were protected under dry helium gas flow in
a concealed sample cell during room temperature measurements.
Three-dimensional total electron densities for the complete atomic
structures of the thin film system (e.g., epitaxial thin film unit cells and
top few unit cells of the substrate) were reconstructed from the
complete set of CTRs by using an iterative phase retrieval technique,
known as coherent Bragg rods analysis (COBRA)63.

X-ray absorption and X-ray linear dichroism (XLD)
measurements
The XAS and XLD measurement has been performed at the 2 A
beamline of the Pohang Accelerator Laboratory at 300K, in total
electron yieldmode. The spectra weremeasured at the Ti-L2,3 edge for
the two polarizations (in-plane and out-of-plane). The direction of the

soft X-ray polarization vector E was changed by 90° to obtain the in-
plane (E || ab) and the out-of-plane (E || c) orbital responses, while the
angle of incidence was 70° with respect to the surface normal direc-
tion. Soft X-rays with their electric-field orientation perpendicular to
the c-axis (E || ab) are more sensitive in probing the state with dxy
orbitals. The X-ray linear dichroism (XLD) signals were derived from
the intensity difference (I || c – I || ab) of normalized XAS spectra.

Optical spectroscopy
The optical conductivity spectrawere obtained by using the combined
spectroscopic techniques, i.e., spectroscopic ellipsometry and reflec-
tivity measurement. The spectroscopic ellipsometry with variable
incident light angles (60°, 70°, and 75°) was performed in the range of
0.7 eV to 6 eV at room temperature. The measured ellipsometry
angular spectra Ψ(ω) and Δ(ω) were fitted with the two-layer model
(LSTOfilm +STO substrate) to obtain the complex optical conductivity
spectra, eσ ωð Þ � σ1 ωð Þ+ iσ2 ωð Þ� �

. The fitting spectra are composed of
Drude and tauc-Lorentz modes. The optical data were also confirmed
by comparing a reflectivity directly measured by the conventional FT-
IR/grating-type spectrometers in a photon energy range of
0.1 eV–6 eV.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request. Source data are provided with
this paper.
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