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We perform in situ angle-resolved photoemission spectroscopy to investigate the effect of surface termination
conversion on two-dimensional electron gas (2DEG) at the EuTiO3(001) surface. We successfully engineered
EuTiO3 with nearly single TiO2 termination via epitaxial growth on TiO2-terminated SrTiO3, and EuTiO3

with nearly complete EuO termination by inserting a SrRuO3 buffer layer into the heterostructure. The orbital
configuration of the 2DEG exhibits a strong dependence on the EuTiO3 termination, and this experimental
observation matches our first-principles calculation results very well. Furthermore, we observe the termination
dependence of a kink feature in dxy band. This finding implies that many-body interactions, and possibly
magnetism, are influenced by the surface termination. Our study not only introduces a method to fabricate surface
or interfacial 2DEG system, but also highlights the effect of termination conversion on magnetic 2DEG.
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Surface and interfacial systems have drawn significant
attention due to their potential to host novel physical phe-
nomena, arising from broken inversion symmetry and their
two-dimensional nature [1–3]. Two-dimensional electron gas
(2DEG) systems at the surfaces or interfaces of insulat-
ing oxides are of particular interest [4–6]. Various novel
phenomena—such as the quantum Hall effect [7], two-
dimensional superconductivity [8,9], magnetism [10,11], the
coexistence of magnetism and superconductivity [12–14],
and tunable spin-orbit coupling [15–18]—have been ex-
perimentally realized in 2DEG systems. Notably, all the
aforementioned phenomena can be realized by employing
appropriate materials or engineering the necessary surface
or interface configurations. These degrees of freedom make
2DEG systems a promising platform for discovering new
physical phenomena. Consequently, a wide range of het-
erostructures and interfaces are being actively investigated
[19–25].

Among the various interfaces, magnetic interface is of par-
ticular interest due to their potential for spintronic application
as well as novel phenomena [26–30]. One of the promising
materials for magnetic 2DEG systems is EuTiO3 (ETO), an
insulating compound with a perovskite structure. Similar to
the extensively studied SrTiO3 (STO) [5], the bands near the
Fermi level (EF) in ETO with hybridized Ti 3d-O 2p character
contribute to the formation of 2DEG [31–35]. Additionally,
Eu2+ possess a magnetic moment close to the value of 7μB/Eu
[36], owing to their localized 4 f 7 electrons. As a result, ETO
exhibits a spin-polarized band approximately 2 eV below
EF [32]. This magnetic property sets ETO apart from STO
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and enables spin-related phenomena such as Weyl nodes,
the anomalous Hall effect, and the topological Hall effect
[37–40]. These characteristics highlight the rich potential of
ETO-based interfaces and heterostructures. Therefore, it is
crucial to manipulate these properties to harness the capabili-
ties of ETO.

Surface termination conversion is an effective approach
to tailoring interface or surface properties [41–45]. In par-
ticular, it has been reported that the electronic properties of
various perovskie oxides can be tuned through surface termi-
nation conversion [46,47]. Therefore, preparing well-defined
surfaces and achieving precise control over termination are
of significant importance. In this study, we report the exper-
imental realization of surface termination conversion in ETO
using pulsed laser deposition (PLD) method. Our strategy is
to insert a SrRuO3 (SRO) buffer layer to exploit its A-site
termination characteristics [48], allowing control over the ter-
mination of ETO surface. We further investigate the impact of
this termination on the electronic structure of the 2DEG via
in situ angle-resolved photoemission spectroscopy (ARPES)
studies. Our ARPES results clearly reveal the evolution of
orbital configuration in the 2DEG depending on the surface
termination, consistent with density functional theory (DFT)
calculations and with previous experimental and theoretical
results [32]. Moreover, we find that surface termination also
affects the kink structure in the 2DEG bands. Our experi-
mental study demonstrates how the electronic structure of a
magnetic 2DEG can be effectively modulated through surface
termination engineering.

B-site(TiO2)-terminated ETO thin films were grown on
the B-site terminated and (001)-oriented STO substrates
(Shinkosha) directly using PLD technique. For the growth of
A-site (EuO)-terminated ETO, we used an SRO buffer layer
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FIG. 1. Termination engineering in EuTiO3 (ETO) heterostructure. Geometry of (a) TiO2 (B-site)-terminated and (b) EuO(A-site)-
terminated ETO film near the surface. Red, green, and black spheres represent Eu, Ti, and O atoms, respectively. Schematics of (c) ETO/SrTiO3

(ETO/STO) and (d) ETO/SrRuO3/STO (ETO/SRO/STO) heterostructure. ETO/STO (ETO/SRO/STO) heterostructure is terminated with TiO2

(EuO) layer. Both heterostructures were grown on TiO2(B-site)-terminated STO. (e) Reflection high-energy electron diffraction (RHEED)
intensity oscillation during the heterostructure growth. RHEED images taken after the deposition of heterostructures followed by postannealing
with each termination are included. (f) Cross-sectional scanning transmission electron microscopy (STEM) images of ETO heterostructures.
The second and third images show high-angle annular dark-field (HAADF) STEM images of the 5 nm Se capped ETO/STO and ETO/SRO/STO
heterostructures, respectively, illustrating the overall structure. For STEM measurement, we use ten unit cell ETO layer. The first and fourth
images show magnified annular bright-field (ABF) STEM and HAADF STEM images revealing the TiO2 and EuO terminations in each
structure. The crystal structures of ETO are overlaid for a guide to the eye. All scale bars represent 2 nm.

between ETO and substrate. Stoichiometric polycrystalline
SRO and polycrystalline Eu2Ti2O7 targets were ablated using
a KrF excimer laser (λ = 248 nm, Coherent). During the
SRO (ETO) growth, the substrate temperature, background
oxygen partial pressure, laser fluence, and repetition rate were
kept at 670 ◦C (600 ◦C), 100 mTorr (10-7 mTorr), 1.9 J/cm2

(0.8J/cm2), and 2 Hz (1 Hz), respectively. The thickness
of SRO and ETO were 2.5 and 15 unit cells (u.c.), respec-
tively, to avoid unintentional ferromagnetic proximity effect
from SRO layer to ETO surface. For the 15 u.c. ETO films,
we observed no variation in the ARPES spectra, even when
the thickness of the SRO buffer layer was increased up to
8 u.c., as shown in Fig. S1 of the Supplemental Material
[49] (see also Ref. [50] therein). The growth dynamics were
monitored by the reflection high-energy electron diffraction
(RHEED) technique during the growth. To induce 2DEG
at the surface, ETO film was postannealed at 600 ◦C un-
der ultrahigh vacuum (<1 × 10-8 mTorr) conditions for 30
minutes after cooling the grown sample to 200 ◦C. In situ
ARPES measurements were performed in a laboratory-based
system equipped with a Scienta DA30 analyzer using He-Iα
(hν = 21.22 eV) light at 10 K. The scanning transmission
electron microscopy (STEM) lamella samples were prepared
using an FEI Helios G4 focused ion beam (FIB) system.
Rough milling was performed at an accelerating voltage of

30 kV with an ion beam current of 0.44 nA, followed by
sequential low-energy thinning at 5 kV and 63 pA, and a
final cleaning step at 2 kV and 66 pA to minimize surface
damage. High-angle annular dark-field (HAADF) and annu-
lar bright-field (ADF) STEM images were obtained using a
Thermo Fisher Scientific Themis Z aberration-corrected and
monochromated microscope operated at 300 kV with a probe
current of 90 pA and a dwell time of 2 μs. The collection an-
gles were 21–126 mrad for HAADF and 6–13 mrad for ABF
imaging. For the first-principles calculations, the Quantum
ESPRESSO [51,52] package was used. Pseudopotentials were
chosen from a standard solid-state pseudopotentials (SSSP)
library [53–56] (SSSP PBEsol Precision v1.3.0). The calcu-
lations were performed for stoichiometric, antiferromagnetic,
and insulating EuTiO3 without including spin-orbit interac-
tions. Hubbard U corrections [57] with U = 7.5 eV and
U = 2 eV were applied for Eu and Ti, respectively [32]. The
lattice constant was set to 3.905 Å [32] without perform-
ing structural relaxation. To investigate the effect of surface
termination, we constructed a symmetric slab of ETO approx-
imately 20 Å thick, with a vacuum region of at least 10 Å, for
each termination.

The perovskite ETO consists of alternating layers of EuO
and TiO2 stacked along the pseudocubic [001] direction.
There are two possible surface terminations for ETO, as
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FIG. 2. Orbital configurations of the 2DEG depend on termina-
tion. Schematic orbital-resolved band structure diagrams of 2DEG at
(a) TiO2(B-site)-terminated and (b) EuO(A-site)-terminated surface.
Structure of topmost TiO6 octahedra, corresponding to each termi-
nation are shown. (c) Orbital-resolved density of states projected
onto the top two ETO layers for each termination. The calculations
were performed for stoichiometric, antiferromagnetic, and insulating
ETO. To account for the electron doping required to form a 2DEG,
the Fermi level was shifted by +350 meV, based on angle-resolved
photoemission spectroscopy (ARPES) results discussed later.

illustrated in Figs. 1(a) and 1(b). The main difference between
them lies in the structure of the topmost TiO6 octahedron. In
the case of the TiO2-terminated surface shown in Fig. 1(a),
the loss of the apex oxygen from the TiO2 octahedron results
in the exposure of Ti atoms at the surface. In contrast, for
the EuO-terminated surface shown in Fig. 1(b), the topmost
TiO6 octahedra retain all their oxygen atoms and structural
integrity. These structural differences affect the electrostatic
potential experienced by the electrons, depending on their
orbital components [47], as will be discussed later in Fig. 2(a).

Our strategy to control the termination relies on the fact
that the termination of PLD-grown perovskite films, which de-
pends on thickness and deposition conditions, tends to match
that of the substrates [58]. For example, a mostly TiO2- (EuO-
)terminated ETO can be obtained by PLD deposition on a
TiO2-terminated (SrO-terminated) STO substrate. For exam-
ple, an ETO film terminates with a TiO2 (EuO) layer when
deposited on a TiO2-terminated (SrO-terminated) SrTiO3 sub-
strate. Accordingly, preparing substrates with well-defined
and distinct terminations is a critical step. We achieve this
by inserting a SRO buffer layer as a "termination conversion
layer." SRO is one of the exceptional perovskite materials
that terminates at the A site, even when grown on a B-site-
terminated substrate. This surface conversion occurs when the
transition metal at the perovskite B site is volatile, an effect
reported in SRO [48] and SrIrO3 [59]. Leveraging this unique

growth behavior of SRO, we prepare an A-site-terminated
SRO/STO heterostructure as a substrate to deposit an A-site-
terminated ETO film, corresponding to the EuO-terminated
ETO shown in Figs. 1(c) and 1(d).

We have experimentally verified that our growth method
indeed modulates the termination of the film. As shown in
Fig. 1(e), we experimentally confirmed a 1.5-fold difference
in the time required for the deposition of the first SRO layer
compared to the second layer. Furthermore, the ETO growth
rate remained identical whether the SRO buffer layer was
present or not, and this rate was consistently maintained
during the ETO deposition process. Based on these kinetic
observations, we could anticipate that the topmost layers
of the ETO/STO and ETO/SRO/STO heterostructures are
well defined with TiO2- and EuO-termination, respectively.
To confirm this prediction more definitively, we performed
STEM experiments, which allow for direct visualization of
the atomic termination. The STEM image in Fig. 1(f) clearly
shows that the topmost layer of the ETO/STO structure is
TiO2 terminated, highlighted by the green spheres corre-
sponding to the Ti atoms. Conversely, the topmost layer of
the ETO/SRO/STO structure is mostly EuO terminated, high-
lighted by the red spheres corresponding to the Eu atoms. This
STEM image provides direct experimental evidence that each
heterostructure possesses the anticipated termination.

Figures 2(a) and 2(b) schematically show the structure
of the topmost TiO6 octahedron and their corresponding
electronic structures. Assuming electron doping induced by
oxygen vacancies, three Ti 3d t2g bands (dxy, dxz, and dyz) that
contribute to the 2DEG are located near EF. The energy hierar-
chy of these t2g bands is rearranged by the surface termination.

At the TiO2-terminated surface, absence of the apex oxy-
gen lowers the energy of the out-of-plane oriented dxz/yz bands
relative to the in-plane dxy band. Confinement and structural
surface relaxation lower the energy of the dxy band with
respect to the dxz/yz bands, similar to what is observed for
STO surfaces. At the EuO-terminated surface, however, the
TiO6 octahedra at the topmost layer remain structurally intact,
resulting in a uniform distribution of oxygen atoms in all
directions. Accordingly, dxz/yz bands are pushed above EF, dxy

bands further lower their energy, and energy splitting between
dxy and dxz/yz bands increases.

To confirm this termination-dependent behavior of the t2g

bands, we performed DFT calculations of slab structures for
each termination. Figure 2(c) shows the orbital-resolved den-
sity of states (DOS) projected onto the top two ETO layers.
By comparing the upper panel (EuO termination) and the
lower panel (TiO2 termination), we clearly observe the energy
differences among the d orbitals. As expected, in the case of
EuO termination, the energies of the dxz/yz (and dz2 ) bands are
higher, while the energies of the dxy (and dx2−y2 ) bands are
lower compared to the TiO2-terminated case.

To verify the computational results, we performed in situ
ARPES measurements. The observed termination-dependent
electronic structures are shown alongside the corresponding
DFT calculations for comparison. The DFT results were
rigidly shifted by +350 meV from the EF of stoichiometric
ETO to align with the ARPES data. For the TiO2-terminated
ETO, ARPES reveals three bands, which are assigned to
the dxz (green), dyz (blue), and (2 × 2) folded dxy (red).
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In contrast, only the dxy band is observed in the
EuO-terminated ETO. This observation is consistent with
the energy hierarchy of the t2g orbitals predicted by DFT. If
the energy levels of the dxz and dyz orbitals are raised above
the EF, it would explain why these bands are absent in the
ARPES spectra of the EuO-terminated ETO.

We also quantitatively analyze the effect of termination
conversion. Orbital occupancies were calculated by determin-
ing the ratio of pocket areas formed by each t2g band to the
total area of the first Brillouin zone [60,61]. For the quantita-
tive analysis, we assume that the pockets formed by the dxz/yz

bands are elliptical, while those formed by the dxy band are
circular [5]. The Fermi momenta (kF) values needed to calcu-
late the area of each band were extracted from high-symmetry
lines in the ARPES results. For the TiO2 termination, the
values are 0.12, 0.28, and 0.10 for the dxz, dyz, and dxy bands,
respectively, whereas for the EuO termination, the dxy value is
0.16. The termination-dependent orbital occupancy is shown
in Fig. 3(g). At the EuO-terminated surface, the dxy orbital
dominates the 2DEG, while the dxz/yz orbitals dominate the
2DEG at the TiO2-terminated surface. In other words, we
experimentally demonstrate that the dominant orbital char-
acter of the 2DEG can be engineered through termination
conversion.

Beyond orbital occupancy engineering, we investigate the
effect of termination conversion on many-body interactions.
In principle, when electrons couple with bosonic modes, the
energy band dispersion undergoes renormalization, producing
a so-called kink [60,62,63]. By analyzing the dispersion in
ARPES spectra, we can determine both the energy scale of
the coupled mode and the coupling strength. Figures 4(a) and

4(b) show the dxy bands along the high-symmetry �−X line
for each termination. For EuO-terminated ETO, a kink feature
is evident in the measured dxy band, with an abrupt change in
the slope of the band dispersion clearly observed near EF—
25 meV. In contrast, the dxy band of the 2DEG at the TiO2-
terminated surface does not exhibit a clear kink feature.

Typically, the origin of the kink observed in ARPES is
attributed to electron-phonon coupling. In this context, our
observations can be associated with termination-dependent
phonons or termination-dependent electron-phonon coupling.
It is important to note that the elements and lattice constants
are identical for both terminations. Given the nearly identical

FIG. 4. Termination-dependent kink structure in ETO. E -k dis-
persion of (a) TiO2-terminated and (b) EuO-terminated EuTiO3

along the high symmetric �−X line, with their Lorentzian fit result.
In (b), black triangles highlight the kink position.
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bulk structures, variations in bulk phonons are unlikely.
Meanwhile, atomic displacements can occur at the surface
where inversion symmetry is broken, and the magnitude
or direction of these displacements can depend on the
termination [64,65]. If these difference are large enough
to impact the surface phonons, our observations may be
attributed to surface phonon contributions.

On the other hand, considering the large magnetic mo-
ment of Eu2+, a spin-related bosonic mode could also be a
potential candidate for the origin of the kink [66,67]. Afore-
mentioned surface atomic displacement can affect not only
surface phonons, but also the hybridization of Eu and O
states, which can mediate double-exchange-like interaction
between Ti dxy electrons [68]. Notably, a previous ARPES
study reported the presence of a kink in a nonmagnetic 2DEG,
while it was absent in a ferromagnetic 2DEG [28]. This sug-
gests that spin-related bosonic modes, rather than phonons,
could be responsible for the kink. In this scenario, the ob-
served termination-dependent trend in the kink may indicate a
termination-dependent magnetic transition in ETO. Moreover,
the broader spectral feature observed in the TiO2-terminated
ETO may also suggest that ETO adopts different magnetic
ground states depending on the termination. In ARPES, spec-
tral broadening reflects an increased scattering rate (i.e.,
shorter quasiparticle lifetimes), which is known to occur near
the Curie temperature in ferromagnets due to enhanced spin
fluctuations [69]. Since the reported Curie temperature of
ferromagnetic ETO is very low [34,47] and comparable to
the temperature (10 K) at which our ARPES measurements
were performed, the relatively broad spectrum in the TiO2-
terminated ETO may indicate a ferromagnetic ground state.

Further studies, including direct magnetic measurements, are
needed to clarify this behavior.

In summary, we engineered the termination of ETO by
inserting an SRO layer and investigated its effect on the
electronic structure of the 2DEG. First, we observed a
termination-dependent change in the dominant orbital char-
acter of the 2DEG, which was further supported by our
DFT calculations. Second, we found that the kink struc-
ture also varies with termination. The origin of this trend
may be attributed to termination-dependent phonons or a
termination-dependent magnetic transition, though further
studies are needed to confirm this. Our results demonstrate
that the design of oxide atomic terminations provides a vi-
able pathway for realizing 2DEGs with engineered electronic
properties.
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