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Formation of two-dimensional small polarons at the conducting LaAlO3/SrTiO3 interface
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A long-lasting puzzle of the conducting LaAlO3/SrTiO3 (LAO/STO) interface is that the excess electron
density counted in the transport measurements is much less than 0.5 electrons per unit cell as predicted by
the polar catastrophe model. In this study, via first-principles calculations, we show that the excess electrons
at the LAO/STO interface favor the formation of small polarons. These electrons interact strongly with the
interfacial Ti ions, forming localized midgap states, which make an insignificant contribution to the conductivity.
We also find that the interaction between the neighboring spin-polarized small polarons is weak and does not
lead to long-range magnetic ordering. Compared with bulk STO, the formation of the polarons is more favorable
at the LAO/STO interface, which is ascribed to the reduced symmetry of the crystal field and the increased
lattice distortion. Our results suggest that a large number of the excess electrons at the LAO/STO interface
are localized in the form of small polarons, which can partially explain the unexpected fewer electrons in the
transport measurements, and also shed light on understanding various properties of other complex perovskite
oxide interfaces.

DOI: 10.1103/PhysRevB.100.085413

I. INTRODUCTION

Perovskite oxide interfaces exhibit many emergent prop-
erties that are not hosted in their bulk components, which
attract tremendous interest in both fundamental physics and
electronic applications [1–5]. One of the most well-known
examples is the n-type interface of polar LaAlO3 (LAO)
on nonpolar SrTiO3 (STO) with the LaO/TiO2 stacking
configuration [6]. While both bulk LAO and STO are
nonmagnetic wide-band-gap insulators, the interface shows
two-dimensional electron gas (2DEG) with high-mobility
[6,7], Rashba spin-orbit coupling [8–10], magnetism [11–13],
superconductivity, and the coexistence of superconductivity
and magnetism [14–16]. In particular, the interface undergoes
a steplike insulator-metal transition at the critical LAO thick-
ness of 4 unit cells (uc) [7,17].

It is believed that the insulator-metal transition at the
interface is induced by a charge transfer from the LAO surface
to the STO side to compensate the polar potential building
up in LAO with the increase of its thickness [18–20]. As
proposed in the polar catastrophe model, ideally a charge
transfer of 0.5 electrons per unit cell (e−/uc) is required to
fully compensate the polar potential in LAO layers [19]. It has
been suggested that these transferred electrons are provided
by the surface oxygen vacancies [20,21], resulting in an
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insulating LAO surface and a conducting LAO/STO interface.
Experimentally, the 0.5 e−/uc charge transfer was confirmed
by high-energy optical measurements [17]. However, the
transport measurements only found around 0.05 e−/uc at the
conducting LAO/STO interfaces [7,11,14,17]. Such discrep-
ancy indicates that most of the excess electrons (around 90%)
at the interface are localized, and only a small portion of the
electrons contribute to the interfacial conductivity.

Many efforts have been made to understand the origin
of the electron localization. For example, Yu and Zunger
analyzed all the acceptor defects at the conducting LAO/STO
interface, and suggested Al-Ti antisite defects are most likely
to form, which trap the excess electrons at the interface
[21]. Such antisite defects might play a role in controlling
the density of the two-dimensional electron gas, but their
positive formation energy implies a low concentration. The
formation of the Al-Ti antisite defects therefore might not
fully explain the fact that the majority (around 90%) of
the excess electrons at the interface are localized. Besides,
Popović et al. argued that the transferred electrons might
interact with various subbands of Ti host lattices, leading
to Anderson localization or the formation of polarons [22].
The latter are quasiparticles forming due to either long-range
(Frölich) or short-range (Holstein) electron-lattice coupling,
which can be classified as small or large polarons based on the
spatial extent of the self-induced lattice deformation [23,24].
While the small polaron has a lattice deformation comparable
to the lattice constant and is highly localized, the large po-
laron has a lattice deformation over several lattice sites and
moves more free-electron-like [25]. Indeed, the formation of
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large polarons (Holstein type) at the LAO/STO interface was
recently observed by Cancellieri et al. using angle-resolved
photoemission spectroscopy (ARPES) [26]. But it cannot
explain the localization of a large number of electrons at the
LAO/STO interface due to the free-electron-like behavior of
the large polarons.

On the other hand, the formation of small polarons has
been reported in Nb-doped STO and rutile TiO2. The excess
electrons are localized due to the strong interaction with host
Ti lattices [27–29]. It is noted that the interface of n-type
LAO/STO heterostructure is composed of LaO/TiO2 layers.
The excess electrons at the interfacial TiO2 sublayer may
also favor the formation of small polarons. Furthermore,
the reduced dimensionality and enhanced lattice distortion
at LAO/STO interface may lead to stronger electron-lattice
coupling than that in bulk STO or TiO2. This will facilitate
the formation of small polarons at the LAO/STO interface.
In this study, based on first-principles calculations, we report
that about 50% of the excess electrons form small polarons at
the conducting LAO/STO interface. These small polarons are
localized near the Ti lattice sites and only make an insignif-
icant contribution to the conductivity. The highly localized
small polarons are spin-polarized but do not lead to long-
range magnetic ordering due to a weak interaction between
neighboring polaron sites. The influence of interfacial excess
electron density and the lattice distortion on the formation of
small polarons is also discussed.

II. METHODS

First-principles calculations were performed using the
density-functional theory (DFT) based Vienna ab initio sim-
ulation package (VASP) with Perdew-Burke-Ernzerhof (PBE)
approximation to describe the electron exchange-correlation
interaction [30–32]. Projector augmented wave (PAW) poten-
tials were selected to account for the interactions between
electrons and ions [33]. The on-site Coulomb interactions of
Ti d orbitals and La f orbitals were taken into account by
using the PBE+U method [34]. The experimentally obtained
Hubbard U of Ti d orbitals in STO is 4.5 ± 0.5 eV, while
theoretically it is predicted to be about 4.5 eV by using the
constrained random phase approximation (cRPA) [27,35,36].
In this study, a Hubbard U of 4.0 eV was firstly used for Ti
d orbitals to study the formation of small polarons, while the
dependence of the polaron stability on the U values was shown
later. For the unoccupied f orbitals of La, a Hubbard U of
8.0 eV was used to force them to higher energy. The plane-
wave basis set with a cutoff energy of 500 eV was used to
expand the electronic wave functions. Monkhorst-Pack based
k-point grids for sampling the first Brillouin zone were set to
8 × 8 × 8, 8 × 8 × 1, and 4 × 4 × 1 for bulk STO (LAO),
the unit cell of the (LAO)4.5/(STO)6.5 superlattice, and its
2 × 2 × 1 supercell, respectively. The geometric relaxation
was carried out for all structures until the force on each atom
was less than 0.02 eV/Å. The optimized lattice constant of
the bulk STO was 3.968 Å, which is consistent with the
experimentally reported 3.905Å [6].

The superlattice model of the LAO/STO heterostructure
was used in the simulations, in which two identical n-
type interfaces (TiO2/LaO) are mirror symmetrical with the

FIG. 1. (a) The side view of (LAO)4.5/(STO)6.5 2 × 2 × 1 su-
percell used in the simulations of small polarons. (b) The side
and (c) top view of the interfacial structure superimposed with the
charge density distribution of the nonpolaron states. (d) The top and
(e) side view of the interfacial structure superimposed with charge
distribution of the polaron states, in which the bond distortion is also
denoted. The charge density is visualized with an isosurface value of

3.5 × 10−3 e/Å
3

for both the nonpolaron and polaron states.

central LaO sublayer. To minimize the interaction of the
two TiO2/LaO interfaces, 4.5 layers of LAO (∼17 Å) and
6.5 layers of STO (∼26 Å) were used in such superlattice
model ((LAO)4.5/(STO)6.5), the 2 × 2 × 1 supercell of which
is shown in Fig. 1(a). This model can simulate the excess
0.5 e−/uc at each interface [22]. The in-plane lattice constant
of the superlattice was fixed to that of the optimized bulk
STO, while the out-of-plane lattice constant and all the atomic
positions in the superlattice were fully optimized.

The polaron state was simulated by optimizing the 2 ×
2 × 1 supercell in which the C4v symmetry at the interfacial
TiO2 sublayer was broken by stretching Ti-O bonds (around
0.1 Å) of one TiO6 octahedral. The nonpolaron state was
modeled without such symmetry breaking. This method has
been widely used to simulate the polaronic effect in many
compounds, such as FePO4 and rutile TiO2 [37–39]. The mi-
gration barrier of the small polaron hopping at the LAO/STO
interface was calculated by using the nudged elastic band
method (NEB) implemented in VASP [40,41]. In the calcula-
tion, five images were linearly interpolated between the initial
and the final polaron states, which were relaxed until the force
on each atom was less than 0.05 eV/Å.

To study the magnetic properties of the polaron state, a
2
√

2 × 2
√

2 × 1 supercell of the superlattice model was used,
which contains a pair of polarons that are nearest neighbors.
Two types of magnetic configurations, ferromagnetic (FM)
and G-type antiferromagnetic (AFM) configurations were
considered in calculations [see Figs. 4(a) and 4(b)].

III. RESULTS AND DISCUSSIONS

The conducting LAO/STO interface is modeled by the
2 × 2 × 1 (LAO)4.5/(STO)6.5 supercell, as shown in Fig. 1(a),
in which there are two excess electrons at each interface,
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consistent with a previous report [22]. Among the two ex-
cess electrons, one is at the interfacial TiO2 sublayer (first
sublayer) and the other extends into other TiO2 sublayers. In
principle, the two excess electrons can either be free electrons
or interact with the Ti lattices forming polarons. Our calcula-
tions show that one of the two excess electrons is energetically
favorable to form a small polaron at the interface. The energy
of the polaron state is about 0.22 eV per supercell lower
than that of the nonpolaron state (free-electron state). For
the interfacial Ti site with a small polaron, the in-plane Ti-O
bonds are elongated about 0.05 Å relative to those in the
nonpolaron state [see Fig. 1(d)], which is in the same order of
magnitude of the lattice deformation induced by the formation
of small polarons in Nb-doped bulk STO and TiO2 [27–29]. It
is noted that the change of the in-plane Ti-O bond lengths of
the polaron site is larger than that of the out-of-plane ones, in-
dicating the formation of an interfacial two-dimensional small
polaron. This is further confirmed by the electron density
distribution. As Figs. 1(c) and 1(e) show, the electron density
only localizes on the distorted Ti site with two-dimensional
character in the polaron state, while in the nonpolaron state,
the electron density distributes homogeneously on the four
Ti sites. Both the local lattice deformation, such as the Ti-O
bond elongation here, and the localized electron density are
the typical fingerprints of a small polaron [27].

The formation of small polarons can also be seen from the
calculated projected density of states (PDOS) of the interfacial
TiO2 sublayer [see Fig. 2(a)], which demonstrates a localized
midgap state. This is another feature of forming the polaron
state. The midgap state is mainly contributed by the Ti dxy

orbital which is hybridized with O px/py orbitals. All these
orbitals are in-plane oriented, indicating stronger in-plane
hybridization between Ti and O atoms compared to that of
the out-of-plane direction. This is in line with the pronounced
in-plane Ti-O bond elongation as well as the dxy-like electron
density distribution of the polaron state [see Figs. 1(d) and
1(e)], suggesting that the small polaron is well confined in
the plane. In contrast with the polaron state, the PDOS of the
conduction band for the nonpolaron state crosses the Fermi
level without localized midgap state, as shown in Fig. S1 in
the Supplemental Material [42]. It is noted that the Ti dxy is
the dominant component of the conduction band edge in the
nonpolaron state, but the hybridization with O px/py orbitals
is much smaller compared to that of the polaron state. This
difference implies a partial filling of the antibonding states in
the polaron state due to the orbital hybridization between the
interfacial Ti and O atoms, which decreases the bond stability
and results in larger Ti-O bond length.

From the above discussions, we can see that the excess
electrons at the interfacial TiO2 sublayer energetically tend to
be trapped by the local lattice deformation, forming polarons.
As a result, the conductivity contribution of the polarons is
expected to be smaller than that of delocalized electrons. In
principle, the polarons with finite bandwidth can contribute to
both the band and hopping conductivity. The band structures
of the polaron state and the nonpolaron state are shown in
Figs. 3(a) and 3(b), respectively. We note that for the nonpo-
laron state, the conductivity is mainly contributed by the band
conductivity as its lowest conduction band [see Fig. 3(b)] has a
finite width (around 1.2 eV) and is partially filled. In contrast,

FIG. 2. The projected density of states for (a) t2g orbitals of Ti
atoms and (b) p orbitals of O atoms at the interfacial TiO2 sublayer
of the polaron state. The Fermi level is set to 0 eV.

for the polarons, the contribution from band conductivity is
low, because the isolated polaron band is fully filled and about
0.5 eV below the Fermi level. Besides the band conductivity,
the hopping conductivity of the polarons is determined by the
corresponding migration barrier height. Considering that the
small polarons are well confined in the interfacial plane, we
calculated their in-plane migration barrier height. As Fig. 3(c)
shows, the barrier height of one polaron from the Ti site to its
neighboring Ti site is 107 meV. Noting that the thermal energy
at room temperature is around 26 meV, the contribution from
the hopping conductivity is expected to be small even at room
temperature due to the relatively high migration barrier. Based
on the insignificant contribution of polarons to the band and
hopping conductivity, we propose that the unexpected low
carrier density at the conducting LAO/STO interface detected
in the transport measurements can be partially ascribed to
the formation of small polarons at the interfacial TiO2 sub-
layer. We note that recent experiments observed midgap states
around 1.2 eV below the Fermi level at LAO/STO interfaces
by using ARPES or hard x-ray photoemission spectroscopy
(HAXPES) [26,43–45], which might be an indication of small
polaron states as suggested by our calculations.

Along with the impact on the electronic reconstruction,
the formation of small polarons may also affect magnetic
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FIG. 3. The band structures of the (a) polaron state and (b)
nonpolaron state. The blue and red solid lines denote deferent spin
channels. (c) The reaction path of the polaron hopping along the
[1 1 0] direction obtained by the NEB calculation.

reconstruction at the LAO/STO interface. The small polaron-
involved excess electrons in the polaron state are spin-
polarized with a net magnetic moment (around 1 μB/polaron).
However, the energy difference between FM and AFM
(G-type) configurations [see Figs. 4(a) and 4(b)] is small
(∼4 meV/polaron). This can be understood by the weak
interaction between neighboring small polarons due to their
localized nature. Indeed, the formation energy of a pair of
neighboring polarons barely changes with increasing dis-
tances between them. We would like to point out that the small
energy difference between the two magnetic configurations
suggests that the long-range magnetic ordering is likely to
be destroyed by the interfacial defects such as the disorder
and Anderson localization. In addition, the weakly interacting
small polarons prefer random distribution at the interface,
which cannot be captured in our current simulations, but with
very large supercells. This random distribution of polarons
can also suppress the formation of the long-range magnetic
ordering. Thus, it is difficult for the spin-polarized polarons to
form long-range magnetic ordering at the interface. The trivial
magnetic ordering of spin-polarized polarons may explain
the reported experiments in which a large number of excess
electrons (around 1014/cm2) at the interface are localized and
contribute to the paramagnetic signals [16,46]. In contrast,
the spin-polarized electrons in the nonpolaron state prefer FM
ordering, as the energy of FM ordering is about 70 meV lower
than that of AFM ordering, which is consistent with a previous
calculation [13].

Considering the conductivity of the LAO/STO interface
is varied in a large range for the samples grown in different
conditions, we also study the effect of varied electron density

FIG. 4. The schematic diagrams (a),(b) show ferromagnetic and
G-type antiferromagnetic configurations of polarons at the interfacial
TiO2 sublayer. The blue and green circles denote Ti sites with po-
larons with opposite spin orientations. (c) In-plane averaged charge
density (per unit cell area) of excess electrons along the out-of-plane
direction (z direction).

on formation of polarons in the LAO/STO heterostructure and
compare it with those in bulk STO [see Figs. 5(a) and S2
in the Supplemental Material [42]]. The stability of a small
polaron, quantified by its formation energy (EPol), is a result of
the interplay between the structural cost to induce the lattice
deformation that can accommodate electrons (EDef ) and the
electronic energy gained by localizing the electrons (ELoc)
[29,47]:

EPol = (EDef − ELoc)/Np, (1)

where Np is the number of small polarons in the polaron state.
The EPol can also be obtained by

EPol = (Ep − Enp)/Np, (2)

in which Ep and Enp are the energy of polaron and nonpolaron
states, respectively. As Fig. 5(a) shows, the polaron state
is more energetically stable in the higher electron density
regime for both the LAO/STO interface and the bulk STO.
This suggests a dependence of the stability of small polarons
on the excess electron density, as a result of the electronic
correlation. The increased repulsion of the excess electrons
in the high excess electron density regime can enhance the
attraction (ELoc) between the polaron associated electron and
the Ti site, thus stabilizing the formation of the small polaron.
We note that lower electron density is required to form the
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FIG. 5. (a) The formation energy of small polarons for different electron density at interfatial TiO2 sublayer and in bulk STO. The case
of about 0.25 e−/uc at the interfacial TiO2 sublayer corresponds to the ideal 0.5 e−/uc at the LAO/STO interface. When the excess electron
density at the interfacial TiO2 sublayer is less than 0.25 e−/uc, the formation of a small polaron will drain electrons from other TiO2 sublayers.
(b) The formation energy of small polarons for different on-site electron correlation (Hubbard U) at LAO/STO interfaces and in bulk STO.
Positive value means the polaron state is energetically unstable.

small polaron at the LAO/STO interface than that in the
bulk STO, which infers a stronger electron-lattice coupling
at the interface. With the decreasing electron density, the
small polarons become less stable, which might turn to large
polarons or even the delocalized free electrons (nonpolaron
state) [27]. It is noted that the distribution of electrons at the
TiO2 sublayers is layer dependent [see Fig. 4(c)], where about
half of the transferred electrons are localized at the interfacial
TiO2 sublayer, and the rest decrease exponentially to other
TiO2 sublayers. Our calculations show that the electron den-
sity at the interfacial TiO2 sublayer is high enough to form
the small polarons. In contrast, the electron density at other
TiO2 sublayers is too low to form small polarons. In such a
case, the electrons might interact with the host Ti lattices, but
the strength is relatively weak, and they can only form large
polarons, or delocalize as free electrons. Thus, we suggest
that the coexistence of small polarons, large polarons, and free
electrons is possible in the LAO/STO heterostructures.

Besides the enhancement of the ELoc through electronic
correlation, the electron density might play a role in suppress-
ing the electron-lattice coupling due to the electron screening
effect. However, the short-range electron-lattice coupling that
can induce the formation of small polarons is barely sensi-
tive to the screening effect [26]. In contrast, the long-range
electron-lattice coupling is sensitive to the electron screening
effect and can be suppressed by the increased electron density,
as in the cases of Frölich polarons in anatase bulk TiO2 and at
bare STO (001) surface [48–50].

The effects of the on-site electron correlation on the po-
laron formation are studied by varying the Hubbard U value.
It is found that the polaron state is energetically stable for
both the LAO/STO interface and the bulk STO at a relatively
large Hubbard U value, as shown in Fig. 5(b). Generally, the
application of a Hubbard U is to alleviate the self-interaction
error due to the LDA or GGA exchange-correlation func-
tionals [29,51]. The electron localization induced by the on-
site correlation is proportional to the U value, which can
explain the enhanced stability of the polaron with a larger

U value. Importantly, it is shown that a smaller Hubbard U
value is required to form a small polaron at the LAO/STO
interface than that in bulk STO. For example, a Hubbard U
of 3.5 eV is able to stabilize the polaron at the LAO/STO
interface, whereas in bulk STO a larger Hubbard U (4.0 eV) is
required. This also infers a stronger electron-lattice coupling
at the LAO/STO interface than that in bulk STO. We suggest
that this stronger electron-lattice coupling at the interface
is due to lattice discontinuity (reduced dimensionality) and
lattice distortion at the LAO/STO interface. Compared with
the perfect bulk STO, the symmetry of the crystal field at the
interface is lowered from Oh to C4v [see Fig. 1(b)]. The lattice
distortion in the LAO/STO heterostructure can be quantified
by the relative out-of-plane displacement between the cations
and anions at the same TiO2 sublayer, the amplitude of which
decays in the TiO2 sublayers away from the interface (see Fig.
S3 in the Supplemental Material [42]), but the distortion near
the interfacial TiO2 sublayers is more pronounced than that in
STO bulk. The reduced dimensionality and the larger lattice
distortion can enhance the structural flexibility thus reducing
the EDef required to form the small polaron. A similar effect
has been reported in Nb-doped bulk STO and TiO2, where the
dopants can induce the lattice distortion that helps stabilize
the formation of small polarons [27,29].

It should be noted that the electronic and magnetic prop-
erties in LAO/STO heterostructures are complicated, and
strongly dependent on the sample preparation conditions.
Generally, the LAO/STO samples prepared at low oxygen
partial pressure exhibit a good conductivity but a weak mag-
netism, while the samples prepared at high oxygen partial
pressure are more insulating but show stronger magnetic
ordering [13,21,52]. Similar phenomenon has been observed
by Bi et al. in experiments where the electron density at the
interface is controlled by using electrical top gating [53,54].
Here, based on our results discussed above, we propose that
the formation of small polarons might also facilitate under-
standing the intricate magnetism in different LAO/STO sam-
ples. For the high-conducting samples, the electron density at
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the interface is high enough to form small polarons, which are
localized and do not contribute to the long-range magnetic or-
dering, while in the less conducting samples, fewer electrons
are available at the interface, and they prefer to be delocalized,
whereby the long-range magnetic ordering is favorable, thus
resulting in stronger magnetism.

IV. CONCLUSIONS

In conclusion, based on the systematic first-principles cal-
culations, we show that about 50% of the excess electrons at
the LAO/STO (001) interface couple strongly with the lattice
sites and form highly localized two-dimensional small po-
larons which are spin-polarized, but cannot lead to long-range
magnetic ordering. The electron density and lattice distortion

at LAO/STO interfaces play important roles in the formation
of small polarons. Our results provide a unique perspective to
understand the missing electrons in transport measurements at
the conducting LAO/STO (001) interface. These results shed
light on understanding the electron-lattice coupling induced
intricate phenomena at other complex oxide interfaces.
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