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FIG. 1: Fermi surface and band dispersion across the
YBCO phase diagram. (a) Schematics of the Fermi surface
of optimally doped YBCO from band-structure calculations:
three sheets of Fermi surface (FSCh, FSB , FSAB) are de-
rived from the one-dimensional CuO-chain (Ch) band, and
the bonding (B) and antibonding (AB) CuO2-plane bands.
(b) Summary of the YBCO doping range for bulk (oxygen
content, top axis) and surface (hole doping p, bottom axis)
investigated in this work. (c-h) Fermi surface and band dis-
persion as determined by ARPES at T =20K, for three hole-
doping levels: p = 0.29 (c,d), 0.20 (e,f), and 0.06 (g,h). As
shown in (b), these e�ective hole-dopings are obtained on self-
doped as-cleaved YBCO7 (c,d), and on YBCO6.3 after two
subsequent K-evaporations (e-h). At T = 20K the data are
representative of the overdoped normal metal (c, large FSB

FSAB barrels), the nearly optimally doped superconductor
(e, gapped Fermi surface with nodal Dirac points), and the
underdoped pseudogap state (g, Fermi arcs).

A study of this kind has been performed on Bi2212
in the optimal-to-overdoped regime [21]; however, a sys-
tematic investigation in the underdoped regime is lack-
ing. A potentially more promising candidate for such a
study of Zk is YBCO, which is characterized by a larger
bilayer splitting; furthermore, although YBCO has long
been considered unsuitable for ARPES because of the

polar-catastrophe-driven overdoping of the cleaved sur-
face [9, 12], an in-situ doping method based on the depo-
sition of potassium allows exploration of a doping range
much wider than for any other cuprate family [9]. Here
we apply this approach to detwinned YBa2Cu3O6+x sin-
gle crystals for di⇥erent values of the bulk oxygen con-
tent: (6+x)=6.34, 6.35, 6.51, and 6.99 (hereafter referred
to as YBCO6.3, YBCO6.5, and YBCO7). As summa-
rized in the YBCO phase diagram of Fig. 1b, by perform-
ing ARPES on di⇥erent as-cleaved and K-deposited sam-
ples we can follow the evolution of the electronic structure
from the heavily overdoped (p⇤ 0.37, by far the largest
among all overdoped cuprates including Tl2Ba2CuO6+�

[22]), to the deeply underdoped regime (p⇤0.02).
In the overdoped regime (p = 0.29, Fig. 1c), we ob-

serve three Fermi surfaces (FSCh, FSB , FSAB), in agree-
ment with LDA band-structure calculations (Fig. 1a; see
Supplementary Information for a quantitative analy-
sis). These correspond to the one-dimensional CuO-chain
(Ch) band, and the B and AB CuO2-plane bands. The
dispersions of the bands seen by ARPES (Fig. 1d) are
also consistent with the LDA results, with the excep-
tion of the BaO band that in the calculations is located
at the Fermi energy [10, 11], but in the experiment is
found at ⇥ 500 meV binding energy (similar disagree-
ment is encountered for TlO [22] and BiO bands [23] in
Tl- and Bi-cuprates). Upon underdoping the as-cleaved
surfaces using potassium deposition, behaviour consis-
tent with the established phenomenology of underdoped
cuprates is seen[19, 24–27]; the CuO2-plane Fermi surface
barrels become partially gapped and reduce to four nodal
‘Dirac points’ (somewhat broadened by resolution) in the
p = 0.20 superconductor (Fig. 1e), and to four extended
Fermi arcs in the p = 0.06 pseudogap phase (Fig. 1g).
The spectral function becomes progressively more inco-
herent, with reduced low-energy quasiparticle intensity
and a continuum of spectral weight extending to increas-
ingly higher binding energy (Fig. 1f,h). We also observe a
progressive change in FSCh volume and BaO binding en-
ergy (Fig. 1c-h); as discussed in the Supplementary Infor-
mation, monitoring the evolution of these features allows
the determination of the e⇥ective surface hole doping p
induced by potassium deposition.

As for superconductivity related features, Fig. 2 shows
image plots and selected energy distribution curves
(EDCs) from the antinodal to the nodal region, along
either the Fermi surface or the minimum gap contour.
The p = 0.29 EDCs have no marked momentum depen-
dence, typical of metallic behavior (Fig. 2a). At p=0.20
(Fig. 2b), a clear v-shape gap consistent with the dx2�y2

HTSC gap is evidenced by the momentum evolution of
both leading-edge midpoint (LEM) and superconducting
peak (SCP). The � |cos(kx)�cos(ky) | fit of the average of
the two (Fig. 2d) returns a maximum antinodal gap value
�⇤ 34 meV, consistent with the 2�⇥ 70 meV reported
for HTSCs with Tmax

c ⇥ 95 K [27]. At p=0.06, the quasi-
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YBCO: Taking advantage of electronic reconstruction.

Type 3 surfaces are 
unstable. They have to 

reconstruct.

next atomic plane is exposed, displaying a square lattice shifted by
half a unit cell with respect to the atoms along the stripes. This
finding leads Boyer et al. to conclude that the stripes are a surface
reconstruction of a nearly complete Sr/K layer sitting on top of an
FeAs layer.

A 2 ! 1 stripe feature has also been observed by Yin et al.
[46] and by Massee et al. [47] in BaFe2"xCoxAs2 with
Tc = 25.3 K and 22 K, respectively. Yin et al., after cleaving at
T 6 30 K, have observed a complex unit-cell-doubling stripe fea-
ture, where alternate rows display contrasting brightness and
clarity, as well as atomic shifts by approximately half a lattice
constant along the row direction, demonstrated in Fig. 3b. The
alternating row intensity may be attributed to either height or
density of states variations. This complex surface structure could
be explained by the removal of every second row of Ba atoms by
cleaving. This scenario is supported by Fourier transform analysis
of the topography (see Fig. 3e and f): the less distinct, shifted
rows (see inset of Fig. 3b) would consist of two rows of under-
lying As atoms between each row of Ba atoms. This is also sup-
ported by increasing evidence from ARPES measurements, which
indicate that 122 compounds predominantly cleave charge neu-
tral [43,44].

Massee et al., cleaving BaFe1.86Co0.14As2 at room temperature,
also report stripe features with an average separation of #8 Å,
shown in Fig. 3c. Within some rows, single atoms are resolved,
revealing an in-row spacing of 3.9 Å. Massee et al. emphasize that
details of the topography vary from cleave to cleave and that some-
times only 2D maze-like networks are present.

The stripe feature is also reported in the parent compound
SrFe2As2, cleaved at room temperature and measured at T = 40 K,
by Hsieh et al. [48] (see Fig. 3d). Their surface shows some areas
of clear atomically resolved unit-cell-doubling stripes, separated
by some indistinct areas. In addition, part of the stripe region is
covered with maze-like networks. This maze-like network domi-
nates the surface when the measurement temperature is increased
to 200 K. This indicates that surfaces of the investigated com-
pounds are not as stable as, for example, the surface of Bi2212,
where atomic resolution has been reported even at room temper-
ature [49,50].

Another configuration which may be achieved by the removal of
half the Ba atoms is a

ffiffiffi
2

p
!

ffiffiffi
2

p
surface structure, if every second Ba

row diagonal to the ab lattice vectors (see Fig. 2) is removed. There
exists preliminary evidence supporting this scenario [51].

4. Tunneling spectroscopy

The identification of the superconducting order parameter,
including the gap size and symmetry, is a necessary step to deter-
mining the microscopic superconducting mechanism. The possibil-
ity of multiple gaps, potentially with different symmetries arising
from the multi-band electronic structure, has motivated intense ef-
forts in studying the electronic structure of the pnictides with sev-
eral complementary spectroscopic techniques, among them STS.

The power of STM/STS is to measure the electronic structure
with sub-atomic spatial resolution. The reliability of this measure-
ment depends on the condition of the tunnel junction. Tip prepara-
tion methods have been honed by years of STM studies, so the
condition of the tunnel junction depends mainly on the sample
quality and material-specific surface stability. Differential tunnel-
ing conductance spectra, dI/dV, measured on different pnictides
will be reviewed in this section. We present some STS measure-
ments from polycrystalline oxypnictides, then focus on the tunnel-
ing spectra of 122 single crystals.

4.1. Point spectra

Two papers present tunneling spectroscopy on polycrystalline
1111 samples. Millo et al. have detected an #8 meV d-wave-like
gap with clear coherence peaks in the SmFeAsO0.85 compound,
with Tc = 52 K (Fig. 4a and b) [52]. However, #70% of the sample
surface is dominated by

W
-shaped spectra with only gap-edge

kinks at 7 meV, attributed to suppressed superconductivity on
the sample surface or effects from a non-superconducting FeAs
phase of the material. It should be noted that, even though differ-
ent in shape, both gaps disappear above Tc. The authors calculate
the reduced gap 2D/kBTc = 3.55 " 3.8.

Pan et al. [53] present dI/dV spectra measured on a NdFe-
AsO0.86F0.14 sample with Tc = 48 K. A #9 meV gap with correspond-
ing 2D/kBTc = 4.5 is found at 17 K. However, most of the spectra do
not show sharp coherence peaks, leading to a very short lifetime in
both s-wave and d-wave fitting. At low temperatures, the temper-
ature dependence of the spectra is consistent with BCS predictions
(see Fig. 4d). However, for sample temperatures above Tc, a new
gap-like feature of unclear origin appears with a gap width larger
than the superconducting gap.

We turn now to STS data taken on cleaved single crystal sur-
faces. Boyer et al. have observed spectra with a 10 meV gap on
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Fig. 2. Crystal structure of the pnictides. (a) Tetragonal LaFeAsO 1111 type with room temperature lattice constants a = b = 4.03 Å and c = 8.73 Å [1]. (b) Tetragonal BaFe2As2
122 type with room temperature lattice constants a = b = 3.96 Å and c = 12.39 Å [42]. The FeAs layer is the effective superconducting layer in both compounds.
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Polarity discontinuities at the interfaces between different crys-
talline materials (heterointerfaces) can lead to nontrivial local
atomic and electronic structure, owing to the presence of dan-
gling bonds and incomplete atomic coordinations1–3. These dis-
continuities often arise in naturally layered oxide structures,
such as the superconducting copper oxides and ferroelectric
titanates, as well as in artificial thin film oxide heterostructures
such as manganite tunnel junctions4–6. If polarity discontinuities
can be atomically controlled, unusual charge states that are
inaccessible in bulk materials could be realized. Here we have
examined a model interface between two insulating perovskite
oxides—LaAlO3 and SrTiO3—in which we control the termin-
ation layer at the interface on an atomic scale. In the simple ionic

limit, this interface presents an extra half electron or hole per
two-dimensional unit cell, depending on the structure of the
interface. The hole-doped interface is found to be insulating,
whereas the electron-doped interface is conducting, with ex-
tremely high carrier mobility exceeding 10,000 cm2V21 s21. At
low temperature, dramatic magnetoresistance oscillations peri-
odic with the inverse magnetic field are observed, indicating
quantum transport. These results present a broad opportunity to
tailor low-dimensional charge states by atomically engineered
oxide heteroepitaxy.
An early discussion of polarity or valence discontinuities arose in

the consideration of the growth of GaAs on (001)-oriented Ge1,2.
Both semiconductors have the same crystal structure and nearly
exact lattice match, thus representing promising materials to
combine direct and indirect bandgap semiconductor functions.
Just at the interface, however, there are incomplete bonds at the
termination of the group IV Ge layer and the commencement of
III–V alternations of GaAs. There have been recent attempts to
design interfaces on the atomic scale to compensate for these
dangling bonds7. Layered oxide crystal structures can be viewed as
an intimate sequence of valence discontinuities, often involving
charge-transfer over a few atomic positions. The myriad of stacking
sequences such as the perovskite-derived Ruddlesden–Popper
phases, constructed as Anþ1BnO3nþ1, for 0 # n # 1, involve
accommodating this charge transfer while maintaining global
charge neutrality8,9. Recently, lamellar contacts between members

Figure 1 Growth and schematic models of the two possible interfaces between LaAlO3
and SrTiO3 in the (001) orientation. a, RHEED intensity oscillations of the specular

reflected beam for the growth of LaAlO3 directly on the TiO2 terminated SrTiO3 (001)

surface. b, Schematic of the resulting (LaO)þ/(TiO2)
0 interface, showing the composition

of each layer and the ionic charge state of each layer. c, RHEED oscillations for the growth
of LaAlO3, after a monolayer of SrO was deposited on the TiO2 surface. d, Schematic of
the resulting (AlO2)

2/(SrO)0 interface.
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sequence at the interface, whereas in other sam-
ples, in particular those grown under low oxygen
pressure, growth-induced oxygen vacancies in
the SrTiO3 were the dominant source of doping
(4, 5). We chose a third approach to dope the
interface. By using the electric-field effect (9, 10),
we reversibly induced the q2-DEG in LaAlO3-
SrTiO3 interfaces, providing the possibility to
tune the carrier density of the q2-DEG without
perturbing the microstructure of the interface.

For field-effect doping, it is desirable to
use interfaces that have a low carrier density
and, in the extreme case, are even insulating. For
LaAlO3-SrTiO3 interfaces, this implies limiting
possible doping by the polarity discontinuity as
well as by oxygen defects. Although doping by
oxygen vacancies is reduced if the SrTiO3 is well
oxidized, it is preferable to use ultrathin LaAlO3

layers to avoid possible doping by the polarity
discontinuity, which would dope the interface if
the flow of electrons from the LaAlO3 into the
interface is energetically favorable and kineti-
cally possible. In the polarity discontinuity mod-
el, the driving mechanism is given by the polar
catastrophe (11), which leads to an electric po-
tential, V, across the LaAlO3 that diverges with
its thickness, d. The heterostructure can avoid the
divergence of V by introducing interface rough-
ness, by moving electrons into the interface, and
by adding oxygen vacancies (11). Because the
energy needed to activate LaAlO3 electrons such
that they can move does not depend on d, this
naBve consideration suggests that d may have to
reach a critical value, dc, for the interface to
become doped and hence conducting.

To analyze the properties of the electron gas,
we fabricated and measured field effect samples
(Fig. 1) with the techniques described in (12).
To gain information on the strength of doping by
oxygen defects in our samples, we analyzed one
d 0 6 uc sample by cathodoluminescence.
Luminescence was observed with minute intensity
only: Under standard measurement conditions (4),
no indications of oxygen defects were observed.

As the measurements show (Fig. 2A), for the
interfaces to be conducting, d has to reach a
critical thickness, dc 0 4 uc. All samples with d Q
4 uc were conducting Esheet conductance (ss) ,
4 ! 10j3 ohmj1 (at 4.2 K) and ss , 2 ! 10j5

ohmj1 (at 300 K)^; all samples with d G dc,
insulating (ss G 2 ! 10j10 ohmj1 at all temper-
atures T ). The observation of a dc of 4 uc is
consistent with the observation that the conduc-
tivity of SrTiO3-LaAlO3-SrTiO3 heterostructures
is reduced if their p and n interfaces are spaced
by less than 6 uc (13).

Control measurements were performed on
samples that were patterned to have conducting
interfaces with 5-uc LaAlO3 layers in the areas in
which the contacts were placed and subcritical,
2-uc- or 3-uc-thick bridges connecting these areas.
These samples are insulating and thereby provide
evidence that the critical-thickness phenomenon
is not simply caused by an effect that is generated
by the contact between the Au and the q2-DEG.

Further reference studies on samples contacted
without Ar ion–etched holes proved that the
conducting layer is not located at the surface of
the LaAlO3. The conductivity also does not occur
in bulk SrTiO3, as was reported (14) for samples
grown under less oxidizing conditions. To test for
bulk conduction, we removed the surface layer of
a conducting sample by polishing. The remaining
substrate was highly insulating.

According to Hall measurements done on the
conducting samples, their carriers are negatively
charged with mobilities of È1200 cm2 V–1 s–1

and È6 cm2 V–1 s–1 at 4.2 K and 300 K, re-
spectively, and densities n , 1013 cm–2 at all T
(Fig. 2B). These mobilities are high but lower
than the best values reported in literature (2–5),
probably because of the growth conditions used,
which were selected to obtain interfaces with
low carrier density.

Which information does the steplike de-
pendence of the interface conductance on d
provide for the doping mechanisms present in
these samples? The d dependence of the inter-

face conductance can only be accounted for by
doping from growth-induced oxygen defects, if
during sample fabrication oxygen can diffuse
well through 3-uc-thick layers but not through
4-uc-thick ones. For this case, one has to expect
that d Q 4 uc samples can be turned into in-
sulators, too, if the diffusion of oxygen through
their LaAlO3 layers is enhanced. To test this
prediction, we annealed a d 0 4 uc sample for
7 days at 400-C in 20 bar of O2. This oxidation
step did not result in an insulating interface but
reduced the conductance by a factor of 5 (at all
T ). It therefore has to be concluded that the d
dependence of the interface conductance agrees
with the behavior predicted for doping by the
polarity discontinuity, although additional dop-
ing by oxygen vacancies might still be present.

The insulating samples are well suited to gen-
erate and control a q2-DEG by the electric field
effect. Electric fields were induced across the
SrTiO3 or across the LaAlO3 by applying gate
voltages, VG,b, to backside contacts of the SrTiO3

or voltages, VG,f, to small test contacts silver-

Fig. 1. Sketch of the samples and the contact configurations [the left side of the sample sketch in
(A) is a cross-sectional cut]. The SrTiO3 substrates were 1 mm thick. Current-voltage and resistance-
temperature measurements were done with the configuration shown in (B); Hall measurements,
with the van der Pauw configuration of (C) using either the contact configuration shown in gold or
in silver. The charges listed in the lattice sketch represent the unrelaxed charge distribution.
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Figure 1 Sheet resistance of n-type SrTiO3–LaAlO3 interfaces. a, Temperature dependence of the sheet resistance, RS, for n-type SrTiO3–LaAlO3 conducting
interfaces, grown at various partial oxygen pressures. b, Temperature dependence of the sheet resistance, RS, for two conducting interfaces, grown respectively at a partial
oxygen pressure of 2.5×10−3 mbar (open squares) and 1.0×10−3 mbar (filled circles). The low-temperature logarithmic dependencies are indicated by dashed lines.
Inset: Four-point differential resistance dV/dI as a function of applied voltage, at a constant temperature of 2.0 K (1), 10.0 K (2), 50.0 K (3) and 180.0 K (4). c, Schematic
representation of the electron transfer from the LaO layer into the TiO2 layer. The electrons either form localized 3d magnetic moments on the Ti site or conduction electrons
that can scatter off the Kondo cloud surrounding the localized moments.

maintaining a two-dimensional growth mode), from which the
presence of a conducting interface is evident. The temperature
dependencies of the corresponding Hall coefficients, −1/eRH,
are shown and described as Supplementary Information. Several
groups have found that oxygen vacancies give rise to conduction
in oxide interfaces when the oxide layers are deposited at low
oxygen pressure21,22, which also becomes clear from the dependence
of RS on the deposition conditions. From here on we will focus
on the transport properties of the samples deposited at 1.0 and
2.5 × 10−3 mbar in which the influence of oxygen vacancies is the
lowest (see the Supplementary Information).

To investigate the magnetic properties of the interface,
the magnetic-field dependence of RS is measured. Figure 2a
shows the measured RS as a function of magnetic field at
different temperatures. We define the magnetoresistance as
the change in resistance relative to the zero-field resistance,
[RS(H)− RS(0)]/RS(0). A large negative magnetoresistance effect
is observed in both samples of the order of 30% over a magnetic-
field range of 30 T.

The magnetoresistance of the conducting interface is
independent of the orientation of the magnetic field relative to the
interface, which shows that the large magnetoresistance is related to
spin physics and not to orbital effects (such as weak localization).
Therefore, we assume that the observed behaviour must be ascribed
to spin scattering of conduction electrons off localized magnetic
moments at the interface, as we will substantiate below.

Most theoretical treatments of spin scattering in metals are
elaborations of the s–d model, the non-degenerate Anderson model
or the Kondo model, all of which describe the interaction between

itinerant charge carriers and localized magnetic moments23. The
scattering cross-section of conduction electrons off localized
magnetic moments depends on the relative spin orientation.
Under an applied magnetic field, spin-flip scattering off localized
moments is suppressed at the Fermi level, because of the finite
Zeeman splitting between the spin-up and spin-down levels of the
localized magnetic moments. The Zeeman splitting thus turns the
spin scattering into an inelastic process, requiring energy exchange
with the environment. The large negative magnetoresistance (up
to 70%) observed in (Sr,La)TiO3 alloyed with 20% of Cr has
been explained by an enhanced coherent motion of the conduction
electrons owing to ferromagnetically aligned spins17.

In the case of the n-type interface, the temperature
dependence of the sheet resistance helps to further understand
the nature of the scattering. The temperature dependence of
the sheet resistance is found to be logarithmic over one decade
(∼5–50 K, see Fig. 1b). The sheet resistance can be described by
RS = a ln(T/Teff) + bT2 + cT 5, where Teff ∼ 70 K is an effective
crossover temperature scale, and where the T 2 and T 5 terms are
suggestive of electron–electron and electron–phonon scattering,
relevant at higher temperatures. Saturation of the logarithmic term
is observed below ∼5 K. In addition, we observe a voltage-induced
resistance suppression at low temperatures, as shown in the inset of
Fig. 1b, in which a four-point differential resistance measurement
is shown at the temperatures indicated in Fig. 1b.

An explanation, although still suggestive at the moment,
for the observed logarithmic temperature dependence of the
sheet resistance is the Kondo effect4, which describes the
interplay between localized magnetic moments and mobile charge

494 nature materials VOL 6 JULY 2007 www.nature.com/naturematerials
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• Only LaO-TiO2 (i.e. n-type) interface is conducting 
• Critical thickness  
• Contradicting reports of carrier density often non-

consistent with theoretical predictions 2x1013 (Hall 
constant) 1.1x1014 (core level XPS) vs 3.4x1014 cm-2 
(formal ionic charges). Except materials with 
common cat ion (GdTiO3/SrTiO3). 

• High sensitivity to growth condition. Higher Oxygen 
pressure seems to produce insulating samples.

S. Thiel, et al. Science 313, 1942-1945 (2006)

A. Brinkman, et al. Nat Mater 6, 493-496 (2007)Sing, M. et al. Phys Rev Lett 102, 176805 (2009)
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Oxide Nanoelectronics on Demand

 

 

 

Figure S2. For the SketchFET structure, source-drain current measured as a function of the tip 
position across the wire, while cutting the wire with the tip biased negatively. A sharp drop in 
conductance occurs when the tip passes the wire. The decrease in conductance can be fit to a 
profile I(x) = I0�I1tanh (x/h). Also plotted is the deconvolved differential current (dI/dx)*-1. (A) 
Cutting a wider portion of the channel (written with 10 V) with -10 V tip bias, deconvolved 
differential current shows a full width at half maximum of �x = 12 nm. (B) Cutting narrower 
portion of the channel (written with 3 V) with -3 V tip bias, deconvolved differential current 
shows a full width at half maximum of � x = 2.1 nm.  (C) Repeated cutting and restoring of a 12 
nm nanowire using Vtip = +/-10 V. 

Repeated cutting and restoring of a 
12 nm nanowire using Vtip = +/- 10V

(fig. S3A). As constructed, the T-junction be-
haves as a simple resistive network (fig. S3B).

The creation of the first device (Fig. 2A) begins
with erasing the central region (within 1 mm from
the center) of a T-junction of source, gate, and drain
electrodes and then reconnecting the channels with
Vtip = 3 V (w ~ 2 nm), followed by a subtractive
step in which the AFM probe is scanned under
negative bias (Vtip = –3 V), starting from the center
of the junction across the source-drain channel and
moving a gap distance g2 = 50 nm along the di-
rection of the gate electrode. This step also creates
a barrier g1 = 2 nm between source and drain. The
asymmetry in the two gaps (fig. S4A) enables the
gate electrode to modulate the source-drain con-
ductance with minimal gate leakage current. We
refer to this device as a SketchFET (sketch-defined
electronic transport within a complex-oxide het-
erostructure field-effect transistor).

Transport measurements of this SketchFET
are performed by monitoring the drain current ID
as a function of the source and gate voltages (VSD
and VGD, respectively). Both VSD and VGD are
referenced to the drain, which is held at virtual
ground. At zero gate bias, the I-V characteristic
between source and drain is highly nonlinear and
nonconducting at small |VSD| (Fig. 2B). A posi-
tive gate bias VGD > 0 lowers the potential barrier
for electrons in the source and gate leads. With

VGD large enough (≥4 V in this specific device),
the barrier eventually disappears. In this regime,
ohmic behavior between source and drain is
observed. The field effect in this case is non-
hysteretic, in contrast to field effects induced by
the AFM probe (24). At negative gate biases the
nonlinearity is enhanced, and a gate-tunable
negative-differential resistance (NDR) is observed
for VSD > –2.5 V. When a sufficiently large gate
bias is applied, a small gate leakage current IGD
also contributes to the total drain current ID (fig.
S4A). The NDR regime is associated with this
gate leakage current (see below).

By increasing the source-drain gap (g1 = 12
nm) of the SketchFET (fig. S5), the source-drain
characteristic becomes more symmetric. This struc-
ture requires a larger positive gate bias to switch
the channel on. Tunneling through such a wide
barrier width is highly unusual, but it is assisted
by the triangular nature of the tunneling barrier
under large applied fields (on the order ofMV/cm),
and the barrier width is renormalized by the large
dielectric constant of SrTiO3 (e ~ 300 at room
temperature).

One of the most important technological ap-
plications of FETs is making logic elements. The
applied values of VSD and VGD can be interpreted
as “on” (>4 V) or “off” (<4 V) input states of a
logic device; the measured values of ID can be

understood as “on” (>200 nA) or “off” (<200 nA)
output states. A full exploration of ID(VSD, VGD)
reveals an “AND” functionality (e.g., output is “on”
onlywhen both inputs are “on”) (Fig. 2C). Because
of the nonlinear character of the junction, the re-
sultant drain current when both VSD and VGD are
“on” is ~3 times the sum of the individual con-
tributions when only one input is “on”: ID(4 V,
4 V) ~ 3[ID(4 V, 0 V) + ID(0 V, 4 V)], which
yields a promising on-off current ratio.

Frequency response. One gauge of the per-
formance of a transistor is its ability to modulate
or amplify signals at high frequencies, as quan-
tified by the cutoff frequency fT.We characterized
the frequency dependence of the SketchFET de-
scribed in Fig. 2 using a heterodyne circuit that
incorporates the SketchFETas a frequencymixer.
The experimental arrangement is shown sche-
matically in fig. S6A.

The results of this heterodyne measurement
over a frequency range 3 kHz to 15MHz show that
the SketchFEToperates at frequencies in excess of
5 MHz. In the measurement setup used, this fre-
quency ismost likely limitedby the large (~megohm)
resistance of the three leads connecting to the de-
vice. The high mobility of the channel and the fact
that the I-V characteristics are far from saturation

Fig. 4. Negative differential resistance (NDR). (A) NDR observed in SketchFET structure. Gate bias VGD
ranges from –1 V to –3 V with steps of –0.2 V. (B) NDR observed in double-junction structure with a
junction separation of 5 mm. Source bias V2 ranges from –1 V to –3 V with steps of –0.2 V. (C) Schematic
of a structure of two perpendicular junctions with a distance l from the junction center. (D) For structures
with l= 0.5 mm, 1.5 mm, 2.5 mm, and 3.5 mm, drain current ID is plotted as V1 and V2 is varied from –2 V to
2 V. Contours are spaced 100 nA apart. (E) Coupling strength SNDR = max[−(∂ID/dV1)/(∂ID/dV2)],
equivalent to largest contour line slope, plotted as a function of l (black dots) fitted with exponential decay
function A exp(–l/l0), with best-fit parameters A = 0.47, l0 = 1.75 mm.

Fig. 5. Lateral modulation doping of nanowires. (A)
AFM tip moving left to right above LaAlO3-SrTiO3
heterostructure, removing oxygen-containing ions
and locally changing the charge state of the surface.
(B) View of same structure revealing the conducting
nanowire formed at the interface. Electrons screen
the surface charges by ionizing nearby states in the
SrTiO3 (lateral modulation doping) as well as from
the top surface. (C) Illustration of potential profile
across the nanowire. Modulation doping occurs over
a screening length x on the order of micrometers; Ef
describes the Fermi energy.
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Writing and erasing. On the basis of the
experimental finding that nanoscale conducting
regions can be created and erased using voltages
applied by a conducting AFM probe (24), vari-
ous multiterminal devices have been constructed.
The structure investigated here consists of nom-
inally 3.3 unit cell thick LaAlO3 films grown on
SrTiO3 [see (27) for fabrication andmeasurement
details]. A conducting AFM tip is scanned along
a programmed trajectory x(t), y(t) with a voltage
Vtip(t) applied to the tip. Positive tip voltages above
a thresholdVtip >Vt ~ 2 to 3V produce conducting
regions at the LaAlO3-SrTiO3 interface directly
below the area of contact. The lateral size dx of this
conducting nanoregion increases monotonically
with tip bias. Typical values are dx = 2.1 nm and
12 nm at Vtip = +3 Vand +10 V, respectively (fig.
S2, A and B). Subsequent erasure of the structures
can be induced by scanning with a negative volt-
age or by illuminating with light of photon energy
E > Eg (band gap of SrTiO3 ~ 3.2 eV) (17, 18).
Structures can be written and erased hundreds of
times without observable degradation (fig. S2C).
All of the structures described here are written
within the same working area; similar structures
have been created andmeasured for other electrode
sets, with consistent results.

Designer potential barriers. The writing
and erasing process allows for a remarkable ver-
satility in producing quantum mechanical tun-
neling barriers (Fig. 1A). The transport properties
of these tunnel barriers are investigated in two
different experiments. Both begin with nano-
wires (width w ~ 12 nm) written with a positive
tip voltage Vtip = +10 V. In the first study, a four-
terminal transport measurement is performed. A
current (I) is sourced from two leads, while a
second pair of sense leads is used to measure the

voltage (V) across a section L = 2 mm at the
middle of the nanowire (Fig. 1B). As prepared,
the nanowire is well-conducting (resistance R0 =
147 kilohms, corresponding to a conductivity s =
6.8 mS) (Fig. 1D, upper inset). This conductivity
together with the nanowire’s aspect ratio (length/
width = 160) yield a sheet conductance sS =
1.1 × 10−3 S, which is ~200 times that of the
unstructured sample with LaAlO3 film thickness
exceeding dc [sfilmS ≈ 2 × 10−5 S (17)].

A negatively biased tip (Vtip < 0 V) is then
scanned across the wire. I-V curves are acquired
after each pass of the tip. Scanning with a nega-
tive bias restores the insulating state, presumably
by shifting the local density of states in the
SrTiO3 upward in energy (24), thus providing a
barrier to conduction (Fig. 1A, inset). The tip bias
starts at Vtip = –0.5 V and then increases linearly
in absolute numbers (–1V, –2V, –3V,…, –10V).
All these I-V characteristics are highly nonlinear
(Fig. 1D), showing vanishing conductance at zero
bias, and a turn-on voltage Von (defined as the
voltage for which the current exceeds 10 nA) that
increases monotonically with tip voltage (Fig. 1D,
lower inset). A small residual conductance (4.1
nS) is observed, which is independent of Vtip and
hence is associated not with the nanowire and
tunnel barrier but with an overall parallel back-
ground conductance of the heterostructure.

In the second study, an AFM tip is scanned
repeatedly across a nanowire with relatively small
fixed bias Vtip = −50mV (Fig. 1A). An alternating
voltage (Vac = 1mV) is applied across the nanowire
(Fig. 1C) and the resulting in-phase ac current Iac is
detectedwith a lock-in amplifier.With each pass of
the AFM tip, conductance G = Iac /Vac decreases
monotonically, exhibiting three qualitatively dis-
tinct regimes (Fig. 1E). For Ncut < 10, we observe

that the conductance reduces only slightly with each
pass. For 10 < Ncut < 25, the behavior transitions to
one inwhich the conductance decays approximately
exponentially withNcut. ForNcut > 25, we observe a
clear deviation from this straight exponential fall-
off. We propose that the AFM probe is gradually
increasing the potential barrier between the nano-
wire leads (24). Although this process must even-
tually saturate for largeNcut, for the regime explored
the potential appears to scale linearly with Ncut, as
suggested by the observed dependence of the
conductance with Ncut over many experiments
(Fig. 1E). Along the center of the wire, the induced
potential after Ncut passes is therefore described by
an effective potential:VN(x) =V0 +NcutVb(x), where
Vb(x) is a sharply peaked (~2 nm wide) function of
position. The conductance of the nanowire mea-
sured as a function ofNcut (Fig. 1E) shows evidence
for a crossover from a highly conducting regime
(Ncut < 10) to an exponential thermal hopping
regime (10 <Ncut < 25) to one dominated by quan-
tummechanical tunneling through the barrier (Ncut >
25). The latter nonexponential form is consistent
with a tunneling probability tº exp[–A´(V –EF)

1/2]
(where A´ is a material-dependent constant, and
EF is the Fermi energy), as can be seen by a com-
parison with the functional dependence G º
exp[–A(Ncut – N0)

1/2] (where G is the conduct-
ance across the barrier, and A and N0 are dimen-
sionless fitting parameters). We conclude that the
barrier written by the AFM tip acts as a tunnel
junction that interrupts the written nanowires.

SketchFET. The ability to produce ultrathin
potential barriers in nanowires enables the creation
of field-effect devices with strongly nonlinear char-
acteristics. We demonstrate two families of such
devices. Both begin with a “T-junction” of na-
nowire leads written with Vtip = 10 V (w ~ 12 nm)

Fig. 2. SketchFET device.
(A) Schematic diagram
of SketchFET structure.
S, source electrode; D,
drain electrode; G, gate
electrode. (B) I-V char-
acteristic between source
and drain for different
gate biases VGD = –4 V,
–2 V, 0 V, 2 V, and 4 V.
(C) Intensity plot of ID
(VSD, VGD).

Fig. 3. Double-junction
device. (A) Schematic of
a double-junction struc-
ture. (B) I-V characteristic
between source 1 and
drain for different source
biases V2 = 0 V, 1 V, and
2 V. (C) Intensity plot of
ID(V1, V2).
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Possible explanations 
1) Local structural modifications 
2) Vacancies 
3) H2O 
...



Feng Bi et al, APL 97, 173110 (2010)

Writing with water

= Irms /Vrms. A sinusoidal voltage !amplitude 0.4Vrms, fre-
quency 23 Hz" is applied to one electrode, and the resulting
current Irms from the second electrode is measured by the
lock-in amplifier. The pressure in the experiment is moni-

tored using an ion gauge, which operates over a range from
atmosphere to 10−9 Torr, with an accuracy !15%
"100 mbar and !30% below 10−3 mbar. Prior to the writ-
ing the LAO surface is raster-scanned twice with Vtip=
+10 V and Vtip=−10 V alternatively, to remove any adsor-
bates on the LAO surface.

A straightforward test of the water cycle mechanism out-
lined above replaces atmospheric conditions with gas envi-
ronments that lack H2O. Figure 2 shows the results of a
number of writing experiments performed using dry air #Fig.
2!a"$, helium gas #Fig. 2!b"$, and dry nitrogen #Fig. 2!c"$
under pressures ranging from 10−2–102 Torr. Nanowires
were not formed under any of these conditions. To verify that
the sample was not adversely affected during these experi-
ments, the sample was subsequently exposed to air !28%
relative humidity" and a nanowire was written with
%120 nS conductance #Fig. 2!d"$. The nanowire was then
erased and the AFM was evacuated to base pressure !1.8
#10−5 Torr". Under vacuum conditions, it was again not
possible to create conducting nanostructures.

We also check the ability to erase nanostructures under
vacuum conditions. A nanostructure is created under atmo-
spheric conditions, and the AFM is evacuated to base pres-
sure. After that, the conductance of such nanostructure is
stabilized around 20 nS. Figure 2!d" inset illustrates that era-
sure is still achievable under vacuum conditions.

Finally, we illustrate how the process of self-erasure de-
pends on atmospheric conditions !Fig. 3". Self-erasure pro-
cess of a single nanowire is observed in air and vacuum
subsequently #Fig. 3!a"$. A nanowire written at atmosphere
pressure !28% relative humidity" exhibits a rapid initial de-
cay. At t=300 s after writing the nanowire, the system is
evacuated, and then reaches a pressure of 1.7#10−4 Torr.
During this time, the nanowire conductance quickly stabi-
lizes and reaches a constant value. At t=1670 s the system is
vented, and the nanowire conductance resumes its decay.
This experiment demonstrates that self-erasure is directly as-
sociated with atmospheric conditions, and that it can be
slowed significantly or halted under modest vacuum condi-
tions %10−3 Torr. These results are consistent with previous
observations.6 Figure 3!b" compares the self-erasure pro-
cesses of a nanowire kept in air with a nanowire kept in 1
atm dry nitrogen gas. The red curve in Fig. 3!b" shows that a
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FIG. 1. !Color online" Writing and erasing nanowires at 3 uc
LaAlO3 /SrTiO3 interface. !a" Side view schematic illustration about how a
conducting AFM probe writes a nanowire. !b" Top view schematic of a
writing experiment in which a nanowire is created with a positive biased tip.
!c" Top view schematic of a cutting experiment in which a nanowire is
locally erased with a negatively biased tip.

FIG. 2. !Color online" Nanowire writing under various
atmospheric conditions. Writing a nanowire in !a" air,
!b" helium, and !c" nitrogen environments. !d" Subse-
quent writing nanowires under vacuum and atmospheric
conditions confirms that no irreversible changes have
occurred to the sample. Inset shows erasing under
vacuum conditions, illustrating that the erasure process
is insensitive to atmospheric conditions.

173110-2 Bi et al. Appl. Phys. Lett. 97, 173110 !2010"
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IV. Exponential decay fitting 
 
Table SII lists the fitting parameters obtained for the lines in Fig. 4c of the main text. 
 
Table SII. The parameters of the fitted curves shown in Fig. 4c in the main text, of the form p = p0 + p1 

exp(-t/τ) . 
Curve p0  (

°) p1  (
°) τ  (s) 

-4 V 1.20 ± 0.06 0.79 ± 0.07 (2.0± 0.5)×103 

+5 V 0.26 ± 0.02 0.49 ± 0.02 (2.4± 0.3)×103 
 
V.  Charge writing on bare (001) LAO and (001) STO substrates 
 
Figure S1 shows EFM images of charges written on bare LAO and STO substrates. As 
noted in the main text, the charges are relatively more stable on LAO, as compared to 
STO.  

 
FIGURE S1. Charge writing on bare (001) LAO and (001) STO substrates. Written 
features on LAO with (a), -8 V (b), +8 V acquired after 90 seconds. (c, d) The same areas 
as (a) and (b), respectively, acquired after 1 hour.���� Features on STO, written with (e) -8 
V (f) +8 V acquired after 45 seconds. (g, h) The same areas as in (e) and (f), respectively, 
acquired after 6 minutes. All images were acquired with Vread = -2 V. 
 
References: 
S1. Bell, C.; Harashima, S.; Kozuka, Y.; Kim, M.; Kim, B. G.; Hikita, Y.; Hwang, H.�Y. 
Phys. Rev. Lett. 2009, 103, 226802. 
S2. Thiel, S.; Hammerl, G.;  Schmehl, A.; Schneider, C. W.; Mannhart, J.; Science 2006,�
313, 1942-1945. 
S3. Cen, C.; Thiel, S.; Hammerl, G.;  Schneider, C. W.;  Andersen, K. E.; Hellberg, C. S.;�
Mannhart, J.; Levy, J.  Nature Mater. 2008, 7, 298-301. 
S4. Cen, C.; Thiel, S.; Mannhart, J.; Levy, J. Science 2009; 323, 1026-1030. 

Charge writing on bare (001) LAO and (001) STO substrates

Yanwu Xie et al, Nano Letters 10, 2588 (2010)

= Irms /Vrms. A sinusoidal voltage !amplitude 0.4Vrms, fre-
quency 23 Hz" is applied to one electrode, and the resulting
current Irms from the second electrode is measured by the
lock-in amplifier. The pressure in the experiment is moni-

tored using an ion gauge, which operates over a range from
atmosphere to 10−9 Torr, with an accuracy !15%
"100 mbar and !30% below 10−3 mbar. Prior to the writ-
ing the LAO surface is raster-scanned twice with Vtip=
+10 V and Vtip=−10 V alternatively, to remove any adsor-
bates on the LAO surface.

A straightforward test of the water cycle mechanism out-
lined above replaces atmospheric conditions with gas envi-
ronments that lack H2O. Figure 2 shows the results of a
number of writing experiments performed using dry air #Fig.
2!a"$, helium gas #Fig. 2!b"$, and dry nitrogen #Fig. 2!c"$
under pressures ranging from 10−2–102 Torr. Nanowires
were not formed under any of these conditions. To verify that
the sample was not adversely affected during these experi-
ments, the sample was subsequently exposed to air !28%
relative humidity" and a nanowire was written with
%120 nS conductance #Fig. 2!d"$. The nanowire was then
erased and the AFM was evacuated to base pressure !1.8
#10−5 Torr". Under vacuum conditions, it was again not
possible to create conducting nanostructures.

We also check the ability to erase nanostructures under
vacuum conditions. A nanostructure is created under atmo-
spheric conditions, and the AFM is evacuated to base pres-
sure. After that, the conductance of such nanostructure is
stabilized around 20 nS. Figure 2!d" inset illustrates that era-
sure is still achievable under vacuum conditions.

Finally, we illustrate how the process of self-erasure de-
pends on atmospheric conditions !Fig. 3". Self-erasure pro-
cess of a single nanowire is observed in air and vacuum
subsequently #Fig. 3!a"$. A nanowire written at atmosphere
pressure !28% relative humidity" exhibits a rapid initial de-
cay. At t=300 s after writing the nanowire, the system is
evacuated, and then reaches a pressure of 1.7#10−4 Torr.
During this time, the nanowire conductance quickly stabi-
lizes and reaches a constant value. At t=1670 s the system is
vented, and the nanowire conductance resumes its decay.
This experiment demonstrates that self-erasure is directly as-
sociated with atmospheric conditions, and that it can be
slowed significantly or halted under modest vacuum condi-
tions %10−3 Torr. These results are consistent with previous
observations.6 Figure 3!b" compares the self-erasure pro-
cesses of a nanowire kept in air with a nanowire kept in 1
atm dry nitrogen gas. The red curve in Fig. 3!b" shows that a
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FIG. 1. !Color online" Writing and erasing nanowires at 3 uc
LaAlO3 /SrTiO3 interface. !a" Side view schematic illustration about how a
conducting AFM probe writes a nanowire. !b" Top view schematic of a
writing experiment in which a nanowire is created with a positive biased tip.
!c" Top view schematic of a cutting experiment in which a nanowire is
locally erased with a negatively biased tip.

FIG. 2. !Color online" Nanowire writing under various
atmospheric conditions. Writing a nanowire in !a" air,
!b" helium, and !c" nitrogen environments. !d" Subse-
quent writing nanowires under vacuum and atmospheric
conditions confirms that no irreversible changes have
occurred to the sample. Inset shows erasing under
vacuum conditions, illustrating that the erasure process
is insensitive to atmospheric conditions.
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Heterostructures with common cation (GdTiO3/SrTiO3)

SrTiO3 top layers and 300 nm Au/50 nm Ti for GdTiO3

top layers. The top layer was Au for wire bonding with an Au
wire.

The sheet resistances of GdTiO3 grown directly on
LSAT and of GdTiO3 grown on SrTiO3 buffer layers with
different thicknesses are shown in Fig. 1(a). The GdTiO3

film on LSAT with no SrTiO3 buffer layer is insulating.
While too resistive for meaningful Hall measurements, the
Seebeck coefficient was measured and is positive (p-type),
as found for stoichiometric GdTiO3.

23 All bilayers are n-type
and metallic if the SrTiO3 thickness exceeded one unit cell
(0.4 nm). Even the bilayer with one unit cell SrTiO3 already
exhibits a remarkable drop in resistance. The localized
behavior for this sample is expected as the sheet resistance
exceeds the critical Mott value (!10 kX/h). The sheet resist-
ance should decrease with increasing SrTiO3 thickness if the
conductivity is due to the oxygen deficient SrTiO3. The con-
stant sheet resistance for SrTiO3 layers thicker than 20 nm
indicates that it arises from a space charge layer of constant
thickness and carrier density at the interface. The Hall resist-
ance as a function of magnetic field B was linear and n-type
down to the lowest temperatures,29 in contrast to LaTiO3/
SrTiO3 (Refs. 15 and 16). All of the electrons contributing to
the Hall resistance satisfy lB" 1. Although more than one

subband with different mobility may be occupied, the Hall
coefficient (RH) is converted to an effective sheet density by
nS ¼ 1=eRH , where e is the elementary charge. Figure 1(b)
shows that nS is constant, !3.5$ 1014 cm%2, for all bilayers,
even for extremely thin SrTiO3. Thus there is little trapping
at the LSAT/SrTiO3 interface, at least on a scale of
!3$ 1014 cm%2. A similar result is obtained when the
GdTiO3 thickness is varied. The mobility increases with
SrTiO3 thickness [Fig. 1(b)]. Thus the decrease in sheet
resistance for SrTiO3 layers between 0.4 nm and 20 nm is
due to an increase in mobility, not a change in sheet carrier
concentration. The results are consistent with an interfacial
mobile space charge layer of constant thickness with a sheet
charge density of !3$ 1014 cm%2. This carrier density
closely corresponds to the 1=2 electron per surface unit cell
required to compensate for the polar discontinuity at the
interface.

To further confirm the results, multilayer samples were
investigated. Figure 2(a) shows the sheet carrier density for
(SrTiO3/GdTiO3/SrTiO3)x superlattices on LSAT as a func-
tion of the number of repeats x, each containing two
GdTiO3/SrTiO3 interfaces. If each repeat contributes the
same sheet carrier density as the x¼ 1 trilayer, then the sheet

FIG. 1. (Color online) (a) Sheet resistance as a function of temperature for
GdTiO3/SrTiO3/LSAT structures with varying SrTiO3 thicknesses, indicated
by the labels. The GdTiO3 film grown directly on LSAT is labeled “0 nm.”
(b) Sheet carrier density and mobility at room temperature and 2.5 K.

FIG. 2. (Color online) (a) Room temperature sheet carrier concentrations of
SrTiO3/GdTiO3/SrTiO3 multilayers as a function of multilayer repeats (x).
The dashed line indicates the expected sheet carrier concentration scaling
with number of repeats as calculated from the x¼ 1 sample. (b) High-angle
annular dark-field scanning transmission electron microscopy image of the
x¼ 20 multilayer.
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SrTiO3 top layers and 300 nm Au/50 nm Ti for GdTiO3

top layers. The top layer was Au for wire bonding with an Au
wire.

The sheet resistances of GdTiO3 grown directly on
LSAT and of GdTiO3 grown on SrTiO3 buffer layers with
different thicknesses are shown in Fig. 1(a). The GdTiO3

film on LSAT with no SrTiO3 buffer layer is insulating.
While too resistive for meaningful Hall measurements, the
Seebeck coefficient was measured and is positive (p-type),
as found for stoichiometric GdTiO3.

23 All bilayers are n-type
and metallic if the SrTiO3 thickness exceeded one unit cell
(0.4 nm). Even the bilayer with one unit cell SrTiO3 already
exhibits a remarkable drop in resistance. The localized
behavior for this sample is expected as the sheet resistance
exceeds the critical Mott value (!10 kX/h). The sheet resist-
ance should decrease with increasing SrTiO3 thickness if the
conductivity is due to the oxygen deficient SrTiO3. The con-
stant sheet resistance for SrTiO3 layers thicker than 20 nm
indicates that it arises from a space charge layer of constant
thickness and carrier density at the interface. The Hall resist-
ance as a function of magnetic field B was linear and n-type
down to the lowest temperatures,29 in contrast to LaTiO3/
SrTiO3 (Refs. 15 and 16). All of the electrons contributing to
the Hall resistance satisfy lB" 1. Although more than one

subband with different mobility may be occupied, the Hall
coefficient (RH) is converted to an effective sheet density by
nS ¼ 1=eRH , where e is the elementary charge. Figure 1(b)
shows that nS is constant, !3.5$ 1014 cm%2, for all bilayers,
even for extremely thin SrTiO3. Thus there is little trapping
at the LSAT/SrTiO3 interface, at least on a scale of
!3$ 1014 cm%2. A similar result is obtained when the
GdTiO3 thickness is varied. The mobility increases with
SrTiO3 thickness [Fig. 1(b)]. Thus the decrease in sheet
resistance for SrTiO3 layers between 0.4 nm and 20 nm is
due to an increase in mobility, not a change in sheet carrier
concentration. The results are consistent with an interfacial
mobile space charge layer of constant thickness with a sheet
charge density of !3$ 1014 cm%2. This carrier density
closely corresponds to the 1=2 electron per surface unit cell
required to compensate for the polar discontinuity at the
interface.

To further confirm the results, multilayer samples were
investigated. Figure 2(a) shows the sheet carrier density for
(SrTiO3/GdTiO3/SrTiO3)x superlattices on LSAT as a func-
tion of the number of repeats x, each containing two
GdTiO3/SrTiO3 interfaces. If each repeat contributes the
same sheet carrier density as the x¼ 1 trilayer, then the sheet

FIG. 1. (Color online) (a) Sheet resistance as a function of temperature for
GdTiO3/SrTiO3/LSAT structures with varying SrTiO3 thicknesses, indicated
by the labels. The GdTiO3 film grown directly on LSAT is labeled “0 nm.”
(b) Sheet carrier density and mobility at room temperature and 2.5 K.

FIG. 2. (Color online) (a) Room temperature sheet carrier concentrations of
SrTiO3/GdTiO3/SrTiO3 multilayers as a function of multilayer repeats (x).
The dashed line indicates the expected sheet carrier concentration scaling
with number of repeats as calculated from the x¼ 1 sample. (b) High-angle
annular dark-field scanning transmission electron microscopy image of the
x¼ 20 multilayer.
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nearly saturates above 4 ML. In contrast, the insulating
interface does not show any detectable shift. It should be
noted that almost the same energy shifts were also ob-
served in Sr 3d core level, indicating that the shift was
caused by the band bending at the interface. Judging from
the saturation level of the core-level shifts, the energy shift
due to band bending for the metallic interface can be
estimated to be !0:25" 0:07 eV. Since the CBM in
STO is located at 0.2–0.3 eV above EF, as mentioned
previously, the results strongly suggest that the CBM in
STO at the metallic interface is nearly attained at EF.

A band diagram of the metallic LAO/STO heterointer-
face, as deduced from the PES experiments, is illustrated in
Fig. 4. The existence of the notched structure inside the
STO layers suggests a mechanism that produces the me-
tallic states while still avoiding the potential divergence in
the polar LAO layers. Since the polar LAO layers have
alternating "e charge sheets, where e is the electron
charge, the stacking of the LAO layer on nonpolar STO
produces a positive electric field. This in turn leads to an
electric potential that diverges with an increase in the LAO
overlayer thickness. The divergence catastrophe can be
avoided by the formation of the long-range electric poten-
tial inside the STO whose spatial variation is governed by
the carriers in the STO layers. In other words, the accu-
mulation of electrons in the notched structure, where the
electrons may be generated by oxygen vacancies in the
STO layers [10,12,13], produces the metallic states at the
LAO/STO heterointerface. This situation serves as a good
analogy to the conductive channel of the ferroelectric field
effect transistor after voltage application [22]. Although
the origin of the band offset at metallic LAO/STO inter-

faces is not clear presently, the band structure determined
in this work reasonably explains the characteristic features
observed at LAO/STO interfaces: the appearance of me-
tallic states above the critical thickness [8,9] and under an
applied gate voltage [9], the insulating behavior observed
by inserting an SrO atomic layer between two insulators,
and the high carrier mobility which is similar to that of
STO [6].

In conclusion, we have performed in situ PES study on
LAO/STO multilayers to investigate the interfacial elec-
tronic structure responsible for the anomalous metallic
states in the LAO/STO interface. We clearly found that
the notched structure was formed in the STO layers in the
interfacial region, depending on the terminating layer of
the interface. These results indicate that the metallic con-
ductivity originate not from the charge transfer through the
interface but from the accumulation of carriers on the
notched structure formed at the interface.
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FIG. 4 (color online). Band diagram of the metallic
LaAlO3=TiO2-SrTiO3 interface determined by the present ex-
periments. The band gaps of SrTiO3 and LaAlO3 are 3.2 and
5.6 eV, respectively. The valence-band maximum (VBM) of
SrTiO3 is located at 2.9–3.0 eV. The VBM is nearly continuous
between SrTiO3 and LaAlO3, which is confirmed by the almost
constant energy position of the leading edge of the valence-band
structures [see Fig. 1(a)]. As a consequence of downward band
bending, a notched structure is formed in the SrTiO3 layer in the
interfacial region.
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Figure 1 The polar catastrophe illustrated for atomically abrupt (001) interfaces between LaAlO3 and SrTiO3. a, The unreconstructed interface has neutral (001) planes
in SrTiO3, but the (001) planes in LaAlO3 have alternating net charges (ρ). If the interface plane is AlO2/LaO/TiO2, this produces a non-negative electric field (E ), leading in
turn to an electric potential (V ) that diverges with thickness. b, If the interface is instead placed at the AlO2/SrO/TiO2 plane, the potential diverges negatively. c, The
divergence catastrophe at the AlO2/LaO/TiO2 interface can be avoided if half an electron is added to the last Ti layer. This produces an interface dipole that causes the electric
field to oscillate about 0 and the potential remains finite. The upper free surface is not shown, but in this simple model the uppermost AlO2 layer would be missing half an
electron, which would bring the electric field and potential back to zero at the upper surface. The actual surface reconstruction is more complicated21. d, The divergence for
the AlO2/SrO/TiO2 interface can also be avoided by removing half an electron from the SrO plane in the form of oxygen vacancies.

have a formal valence of O2−, the A and B cations can take on
values of A4+B2+, A3+B3+, A2+B4+ or A1+B5+, such that the ABO3

bulk structure remains neutral. Fractional charge values also arise
from solid solutions and/or mixed valence states. Just as compound
semiconductors made from group IV elements such as Si or Ge have
formally neutral (001) planes, the A2+B4+O3 or ‘II–IV’ structure
(such as SrTiO3) also contains neutral AO and BO2 (001) planes.
An analogue of the III–V or II–VI semiconductors such as GaN or
CdTe that have polar planes is the A3+B3+O3 or ‘III–III’ structure
(such as LaTiO3 or LaAlO3), which is composed of +1 AO and
−1 BO2 planes.

If we consider joining perovskites from two different charge
families with atomic abruptness in an (001) orientation, a polar
discontinuity results at the interface. Taking the example of joining
LaAlO3 with SrTiO3, two configurations arise, which can be
defined by the composition of the layer between AlO2 and TiO2 at
the interface: AlO2/LaO/TiO2 or AlO2/SrO/TiO2. Such a junction
between polar and nonpolar planes is very common in oxide
heterostructures, and the following discussion applies generally to
many perovskite interfaces. Figure 1a,b shows how an atomically
abrupt interface between polar and neutral layers leads to a
polar catastrophe (where the electrostatic potential diverges with
thickness) if there is no redistribution of charges at the interface.

Unlike conventional semiconductors where each ion has a
fixed valence, in complex oxides compositional roughening is
not the only option for charge rearrangement: mixed valence
charge compensation can occur if electrons can be redistributed
at lower energy cost than redistributing ions. Conceptually, one
can first construct the interface from neutral atoms and then
allow ionization, resulting in the net transfer of half an electron
per two-dimensional unit cell (e−/u.c.) from LaAlO3 to SrTiO3

across the interface (Fig. 1c). This process leaves the overall

structure neutral, with the Ti ion at the interface becoming Ti3.5+,
and the potential no longer diverges. The extra half an electron
at the AlO2/LaO/TiO2 (‘n-type’) interface should be physically
detectable by transport and direct spectroscopic measurements.
Indeed, metallic conductivity and Hall measurements suggest free
electrons at the n-type interface10. Figure 1d shows the analogous
construction for the AlO2/SrO/TiO2 interface where the SrO layer
must now acquire an extra half a hole per two-dimensional unit cell
(e+/u.c.) to maintain charge neutrality, that is, formally it should
be ‘p-type’. Electrically, however, this interface is insulating10. As
this positive charge is still electrostatically necessary to avoid the
divergence, and there are no available mixed-valence states to
compensate for the half a hole (such as Ti4.5+, which is energetically
inaccessible), an atomic reconstruction is required.

Here we show direct experimental evidence that the induced
interface charges at the AlO2/LaO/TiO2 interfaces are compensated
for by mixed-valence Ti states that place extra electrons in the
SrTiO3 conduction band. In contrast to this electronic interface
reconstruction, the AlO2/SrO/TiO2 interface is compensated by
the introduction of oxygen vacancies at the interface, an atomic
interface reconstruction. For repeated growth of polar interfaces in
LaAlO3/SrTiO3 superlattices, the cations intermix rapidly to reduce
the interface dipole energy, representing a fundamental limit on the
growth stability of multiple polar interfaces.

RESULTS

To understand the electrical asymmetry between the two interface
terminations, we examined the interfaces with atomic-resolution
electron energy loss spectroscopy (EELS) performed in a scanning
transmission electron microscope (STEM) with single atom and
vacancy sensitivity12,13. Atomic-scale measurements of composition
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Ba vacancies on BaFe2As2 surface: Y. Yin et al., Phys. Rev. Lett. 102, 97002 (2009)
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Figure 6.9: (a) Structure of a K3C60 crystal. Large spheres represent C60 ions, drawn
at their Van der Waals radius, and small gray and black spheres represent tetrahedral
and octahedral potassium ions, respectively. The front, side, and top surfaces of the
cube are (100), (010), and (001) planes. The crystal is cut off along the (111) plane,
with a (tetrahedral) potassium layer on the outside. (b) The same lattice, with the
C60 radii reduced. The line of vision is parallel to the (11̄1̄) plane, showing that the
crystal consists of alternating layers of C60, tetrahedral potassium (Kt), octahedral
potassium (Ko), tetrahedral potassium (Kt), etc.

and unique boundary condition for its macroscopic charge distribution across
the crystal.

This is illustrated schematically in Fig. 6.10 for a slab consisting of sev-
eral units of K3C60 planes (of infinite area). The total charge of the slab, of
course, has to be neutral. If now, for instance, one of two termination planes
is a C60

3− plane, as drawn in Fig. 6.10a, all electric fields between the various
planes of the slab point in the same direction, obviously resulting in a net elec-
trostatic potential between the two termination planes. The potential difference
increases linearly with the number of K3C60 unit planes, and the potential drop
per K3C60 unit is about 25 Volt. Clearly, no chemical compound can be stable
against such potential differences, and certainly not as a macroscopically-sized
crystal for which the total potential difference between the termination planes
can easily end up to be of the order of megavolts. Some form of breakdown
must occur to nullify this potential divergence. We point out that this type of
potential divergence is macroscopic in nature, since it is determined solely by
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Boron surface states: ARPES and DFT

the role of TSS and the potential interaction between
polarity- and topology-driven surface states.

Here, studying SmB6 by ARPES and DFT slab calcula-
tions [34], we demonstrate the existence of polarity-driven
surface metallicity in SmB6. Two sets of SS observed
by ARPES—not accounted for by the bulk band
structure—are well reproduced by DFT calculations per-
formed for a slab geometry with both B6 and Sm termina-
tions (consistent with the lack of a natural cleavage plane).
We show that while B-2p dangling-bond-derived SS are
present on both terminations, a SS electron pocket forms at

the !" point—as a result of the polarity-induced electronic
reconstruction—only on the B6-terminated (001) surface.
Our observations reveal the presence of a polarity-driven SS
distinct from the predicted TSS in SmB6.

Let us start by pointing out a peculiarity of the ARPES
results from cleaved SmB6, likely important also for trans-
port studies performed on annealed surfaces. Generally,
ARPES spectra become progressively broader with time
because of aging of the as-cleaved surfaces [35]. However,
in SmB6, a material without a natural cleavage plane and
whose cleaved (001) surface thus presents Sm and B6

terminations with equal probability, we observe an oppo-
site dynamics, even at temperatures as low as 6 K. The
freshly cleaved samples always exhibit an intense broad
feature around !0:8 eV [Fig. 1(a)], coexisting with the

nondispersive 4f multiplets at !0:02, !0:15, and
!0:97 eV [36]. Surprisingly, this broad structure is pro-
gressively suppressed with time, eventually disappearing a
few hours after cleaving [Fig. 1(b)], as shown in detail by
the time evolution of the k-integrated ARPES maps in
Figs. 1(c)–1(e). Note that, since the Sm 4f states are utterly
unaffected, this dynamics must be associated with the self-
annealing of the as-cleaved surface and related SS (more
later, in light of the results in Figs. 2–4).
The band structure of SmB6 in a 2.5 eV binding-energy

window, as determined by ARPES, is presented in Fig. 2.
We note that low-energy electron diffraction (LEED) on
our SmB6 (001) cleaved surfaces shows a clear 1" 1
structure [Fig. 2(h)], indicating a predominantly structur-
ally unreconstructed surface. The high-symmetry-direction
ARPES dispersion in Figs. 2(c)–2(e) can be compared to
DFT bulk calculations [14,37], here presented in black in
Fig. 2(b) for kz ¼ 0 (with Sm 4f states removed for
clarity): we observe a qualitative correspondence for the
large Sm-5d electron Fermi pocket at X [Fig. 2(e)], and the
valence bands around !2 eV at " [Fig. 2(c)]. Note, how-
ever, that there are also ARPES features not expected in the
bulk band structure of Fig. 2(b). The most obvious one is
the band seen at all momenta around !1:8 eV binding
energy with $1 eV bandwidth, highlighted by a white
dashed line in Figs. 2(c)–2(e). In analogy with the results

E
ne

r g
y 

(e
V

)

0

-1

-2
(c) (d) (e)

low

high

0 0.4-0.4 0.8-0.80 0.4-0.4 0.8-0.8 0 0.4-0.4 0.8-0.8
k|| (Å

-1)

SS
SS

SS

M XΓ M Γ X M X M

(h)

0 0.5-0.5
k|| (Å

-1) k|| (Å
-1)

(f)

(g)

E
ne

rg
y 

(m
eV

)

In
te

ns
ity

0

-50

-100

M/2 Γ M/2

0 0.5-0.5

E
ne

rg
y 

(e
V

)

0

-1

-2

Γ
Μ X

X R
Μ

Γ
X

M

k(001)

k(010)
k(100)

(a)

Γ Μ X Γ

k|| (Å
-1)k|| (Å

-1)

(b)

kz = 0

SS

SS

raw

norm.SS

MDC 
at EF

SS
SS

FIG. 2 (color online). (a) SmB6 bulk and projected (001) surface Brillouin zones. (b) SmB6 bulk band structure at kz ¼ 0 (black;
f bands removed for clarity), with, in addition, the B-2p dangling-bond-derived surface states (SS, red), as revealed by our combined
ARPES and slab-DFT study. (c)–(e) ARPES dispersions along !M! !"! !M (c), !X! !"! !X (d), and !M! !X! !M (e) measured at 6 K
with 21.2 eV photons, corresponding to kz % 0 [29]. (f) Enlarged dispersion along !M! !"! !M, where no bulk bands are predicted to
cross EF (b); a pileup of intensity at EF—evidenced by a 3 peak profile in the raw MDC at EF in (g), which reduces to a 2 peak
structure when the raw data in (f) are normalized to compensate for the cross-section enhancement at !"—provides evidence for the
existence of a surface electron pocket around the !" point. In (c)–(f) the white-dashed lines highlight the observed B-2p SS. Note that
the spectra in (c) are measured on a fresh cleave, while all other data are from stabilized surfaces, including the LEED pattern in (h).

PRL 111, 216402 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

22 NOVEMBER 2013

216402-2

since their interaction with the B6 dangling bonds is
negligible, as seen in Figs. 1(d) and 1(e) and previously
reported [40]. As shown in Fig. 4(d), the Sm-terminated
slab possesses a SS of B-2p character at !2 eV binding
energy, in close agreement with the ARPES data in
Figs. 2(c)–2(e). Most importantly, the B6-terminated slab
shows a B-2p SS crossing EF [Fig. 4(e)], consistent with

the electron pocket observed at !" in Figs. 2(f) and 2(g)—
and also the inverse photoemission results from LaB6 [33].

To capture the actual situation of as-cleaved SmB6, i.e., a
polar system with both Sm and B6 terminations, the calcu-
lations are repeated for the asymmetric, stoichiometric slab
of Fig. 4(c); the self-consistent DFT solution in Fig. 4(f) is
analogous to the combination of the results from the two
symmetric slabs [Figs. 4(d) and 4(e)]. This comparison
allows also determining the drivingmechanism—structural
versus electronic—behind the surface metallicity. The
excellent agreement between the band structure results for
both polar and nonpolar slabs, and the observation of the
same structural relaxation in the DFT calculations [41],
indicate that structural effects in proximity of the surface
are neither a consequence of—nor a solution for—the polar
surface instability. The latter is stabilized through an elec-
tronic reconstruction rather than a rearrangement of the

surface atomic structure, consistent also with the 1" 1
diffraction pattern measured by LEED indicating a pre-
dominantly structurally unreconstructed surface [Fig. 2(h)].
Finally, we can nowunderstand also theARPES intensity

dynamics seen in Fig. 1. Because of the lack of a natural
cleavage plane, the as-cleaved surface might exhibit a dis-
ordered distribution of B6-like molecules and Sm atoms; to
minimize its total energy, this might slowly relax to form
large Sm- and B6-terminated domains. Correspondingly, as
illustrated by the inset of Fig. 1(d) and the comparison of
Figs. 2(c) and 2(d), spectral weight is transferred from the
broad feature at!0:8 eV to the dispersing SS of the B6 and
Sm terminations, centered at about þ0:2 and !1:8 eV,
respectively (Fig. 4). Energetically, the spectral weight of
the disordered surface—with its random Sm-B6 coor-
dination, statistically in between that of ideal Sm and B6

terminations—should be located halfway between the SS
from the Sm and B6 domains, i.e., at !0:8 eV, as indeed
experimentally observed.
In conclusion, we have shown the existence of a metallic

SS in SmB6 associated with an intrinsic, general property
of hexaborides: the presence of boron dangling bonds, on a
polar surface. The discovery of polarity-driven surface
metallicity sheds new light on the 40-year old conundrum
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Dielectric break down and electronic reconstruction

Electronic reconstruction is often compared to Zener’s theory of the electrical 
breakdown of solid dielectrics.

Note, some TM compounds can also compensate potential divergence by 
changing their valence (LaCoO3 example). 

Electronic reconstructions can also be a part of complex reconstruction 
mechanism (Oxygen vacancies on AlO2 surface of LAO/STO)
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Simulation of various atomic geometries

Point defects Surfaces/Interfaces Molecules

M. C. Payne et al, Rev. Mod. Phys., 64, 1045 (92)

Coupling is avoided by sufficiently large vacuum region



Electronic reconstruction of MgO (111) slab

(a), (b) - GGA layer projected DOS. (c) - Reconstructed electron and hole densities as a function of z

(d) - Planar averaged total potential as function of z (e) - Bulk and slab total density of states. Bulk band gap is 4.5eV.
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FIG. 6: The reconstructed surfaces electron (a) and hole (c)
density distribution as a function of distance z in direction
parallel to surface normal in MgO/O-Al/Al and MgO/Mg-
Al/Al slabs, respectively. The valence electron di⇥erence ��
at the interface in MgO/O-Al/Al (b) and MgO/Mg-Al/Al (d)
slabs (��(z) = �slab

Al/MgO/Al(z)� �slab
Al (z)� �slab

MgO(z)).

could be very di�erent from the bulk or films with non
polar terminations. George: Is this Ibex Correct?
It looks Like 5eV to me I think this refers to 025

What about the periodic boundary condition? Since
the slab is charge neutral there should be no electric field
outside of the slab. The periodic boundary condition
creates an artificial potential drop with the slope propor-
tional to 1/DV where DV is the distance between the
slabs. This is analogous to non polar slabs with unlike
terminations such as SrO and TiO2 surfaces in SrTiO3

(001) slab. This is often avoided by treating the surfaces
separately e.g. SrTiO3 (001) slab terminated with SrO
layer on both sides. It is not an option in a case of polar
slabs. One can wonder if an artifact due to PBC has
any influence on the electronic structure of polar film. A
simple way to resolve PBC problem is to create a dou-
ble slab supercell with two slabs facing each other. In
other words, the top surface of one slab is the same as

FIG. 7: The residual potential in MgO (111) film on the Al
substrate as a function of interfacial spacing (dint). The solid
symbols depict dint corresponding to a minimum in the total
energy as a function of dint.

the bottom surface of the slab above. The potential in
vacuum is then constant which makes such construction
perfectly periodic. Fig.4 shows a planar averaged po-
tential as a function of distance in direction parallel to
the surface normal calculated using double slab super-
cell. Apart from the vacuum region, there is no distinc-
tion between the potentials calculated using single and
double slab supercells. In both cases, the residual po-
tential inside the slab is about 3.6V. We conclude that
for su⌅ciently large DV the electronic structure of the
film calculated in a single slab geometry is not a�ected
significantly by the periodic boundary condition.

In free-standing film, the main cause for incomplete
electronic reconstruction is the films band gap. It
is, however, a conceptual system since films are never
grown without the substrate. Furthermore, the inter-
faces are essential part of any heterostructure such as
LaAlO3/SrTiO3. One can wonder if an interface with
non-polar material can alter the electronic reconstruc-
tion of the polar films. Neglecting the band structure
e�ects, this question leads to reexamination of the en-
ergy scales involved in the process. It is clear that, as
long as the electronic structure on the non-polar side of
the interface is such that it can provide states in the band
gap of the polar one, it would have to be a part of the
electronic reconstruction. Nevertheless, the charge redis-
tribution within a single interface can not cure the polar
catastrophe. Electrostatics requires that both interfaces
participate in the same manner as in a free standing film.

Let us now examine the electronic structure of stoichio-
metric MgO (111) film on the surface of a metal, namely,
aluminum. To keep the discussion coherent, we assume
an ideal crystal structure and the lattice constant of Al
(MgO is isotropically compressed). The lattice mismatch
between Al and MgO is 3.9 percent. The structure is
modeled by 18 bilayers of MgO and the same number of
monolayers of Al in a single slab geometry with 100Å of
vacuum. The interface distances are chosen according to



Relevant energy scales 
• Band gaps and band alignment in semiconducting  

and insulating materials 

• Cation and anion vacancy formation energies 

• Point defect diffusion barriers 

• Cohesive energy of adatoms, their ionization and electron  
affinity energies 

• Deformation energies 

• Charge transfer and d-d excitations in  
transition metal oxides
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Oxygen vacancies at the LAO surface

OXYGEN VACANCIES AT TITANATE INTERFACES: TWO- . . . PHYSICAL REVIEW B 86, 064431 (2012)
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FIG. 17. (Color online) Projected DOS (a) for the surface AlO2 and (b) interface TiO2 layers in LaAlO3(4 u.c.)/SrTiO3(1 u.c.) with one O
vacancy per eight O atoms in the AlO2 surface. The positions of Ti, Al, La, and O atoms have been fully relaxed in the (x,y) planes and in the
z direction.

interface are highly spin polarized with Ti magnetic moment
MTi = 0.56µB , enhanced due to a mixed eg-t2g character of
spin polarization indicated in the orbital-projected DOS in
Fig. 17(b). The electron charge profile for this case is shown
in Fig. 8(b), which demonstrates the interface character of the
electrons. They are confined mostly to the TiO2 layer near the
LAO/STO interface. The integration of the charge profile in
Fig. 8(b) reveals a total of two electrons per oxygen vacancy,
which implies a complete suppression of the interface polarity
by the surface oxygen vacancies, a fact supported also by recent
calculations reported in Ref. 33. Figure 18 demonstrates the
calculated xy-averaged electrostatic potential along the [001]
direction. In contrast to the biased macroscopic potential in
stoichiometric structure (Fig. 9), the macroscopically averaged
potential in the structure with the surface vacancies is flat
in the LAO layer, which indeed supports the complete
suppression of the LAO polarity due to the surface oxygen
vacancies.

V. CONCLUSIONS

Within DFT calculations, we considered oxygen vacancies
in LAO/STO heterostructures and performed studies of the
orbital states at the LAO/STO interface allowing for several
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FIG. 18. (Color online) Profile of xy-averaged electrostatic
potential along the [001] direction with cV = 1/8 concentration
of surface oxygen vacancies. The black and red profiles corre-
spond to the xy-averaged and macroscopically averaged potentials,
respectively.

types of vacancy arrangements. Using generalized gradient
approximation (LSDA) with intra-atomic Coulomb repulsion
(GGA + U ), we have shown that the oxygen vacancies
at the titanate interfaces produce a complex multiorbital
reconstruction which involves a change of the occupancy of
the eg states rather than of t2g orbitals of the Ti atoms nearest
to the oxygen vacancies.

The orbital reconstruction is accompanied by a magnetic
splitting of the local eg and interface dxy orbitals. This
reconstruction generates a two-dimensional magnetic state
not observed in bulk SrTiO3. Moreover, oxygen vacancies
placed in the TiO2 layer farther away from the interface
induce a sizable magnetic moment only in the TiO2 interface
layer. Also, oxygen vacancies in the AlO2 surface where
they are expected to be in the most stable configuration,
generate a magnetic moment only in the interface titanate
layer. In this latter case, the electronic reconstruction mech-
anism due to polar catastrophe is suppressed for a vacancy
concentration of cV ! 1/8 by the charge introduced by
vacancies. The surface is then free of charge carriers, which
implies the formation of an insulating state at the AlO2
surface.

In configurations with vacancy stripes, we have found an
orbital separation of the charge and spin degrees of freedom
with the vacancy-released charge carriers localized in eg

orbitals, and the spin polarization occurring predominantly
in t2g states. Moreover, we have provided evidence for the
generic character of the two-dimensional magnetic state at
titanate surfaces and interfaces.
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Oxygen formation energy in LAO/STO superlattices 

Zhong, Z., Xu, P. X. & Kelly, P. J. Phys. Rev. B 82, (2010)
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FIG. 1: Left panel: the unit cell of a 2�2� (4+4) LAO|STO
multilayer with an oxygen vacancy at the p-type interface.
Blue spheres represent oxygen atoms and the oxygen vacancy
is marked by a white sphere. Charge density isosurfaces cor-
responding to a value of 0.015 e/Å3 for occupied states in
the conduction bands are coloured red. Right panel: plane-
averaged charge density as a function of z for oxygen vacancies
at p- (red) or n- (blue) type interfaces.

multilayer as the di⇥erence in total energies of super-
cells with and without a vacancy, EVac

Ox = EVac
SC � ESC

[31]. Because it is useful to relate this to the forma-
tion energy of an oxygen vacancy in bulk STO, EVac

STO,
all of the vacancy formation energies discussed below are
�EVac

Ox = EVac
Ox � EVac

STO. Though EVac
STO converges only

slowly with the size of supercell [32], this does not al-
ter the conclusions we will draw; EVac

SC spans a range of
±1.0 eV so the e⇥ect of polarity is much larger than the
uncertainty in EVac

STO which is converged to ±0.09 eV.
Unrelaxed results: We begin by calculating �EVac

Ox (z)
without atomic relaxation. The most striking feature of
the results shown in the lower panel of Fig. 2 is the asym-
metry for forming a vacancy at the n and p interfaces.
�EVac

Ox is lowest when the oxygen vacancy is at the p in-
terface, highest close to the n interface and is nonlinear
in z. It spans a range of about 3 eV between the two in-
terfaces and di⇥ers in the LAO and STO layers. We can
capture the essential behaviour of �EVac

Ox (z) in terms of
a modified parallel-plate capacitor model.
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FIG. 2: Position dependence of the formation energy of an
oxygen vacancy in a 2� 2� (4+ 4) LAO|STO multilayer cal-
culated from first principles without relaxation (symbols) and
using an analytical capacitor model (solid line). n and p in-
terfaces are indicated by vertical red and blue dashed lines. A
schematic diagram of the capacitor model is shown in the up-
per panel. The electrostatic potential profile for the vacancy-
free structure is shown as a dotted line. The vertical black
line at a distance d from the n interface represents the oxy-
gen vacancy layer. Two excess electrons are transferred to the
TiO2 layer at the n interface (shaded grey line).

Model: The average electrostatic potential of defect-
free LAO|STO multilayers, as probed by the energy lev-
els of core states in LDA calculations, exhibits a simple
symmetric triangular form as if the n and p interfaces
were positively and negatively charged with charge den-
sity ±� = ⌅e/a2 where a is the lattice constant of bulk
STO. As sketched in the top panel of Fig. 2, the plates
of the capacitor are separated by a thickness d1 (d2) of
insulating LAO (STO) with dielectric constants ⇥1 (⇥2)
determined by the electronic polarization only in the ab-
sence of ionic relaxation. Such a model was recently used
to describe the evolution of the dielectric properties of
LAO|STO multilayers with increasing layer thickness re-
sulting in an insulator-metal transition [26]. Based on
this simple capacitor model, the estimated internal elec-
tric fields are huge, 1

�1.2⇥ 1011V/m or ⇧ 0.9 V/unit cell
in LAO, and the electrostatic potential (dotted line in
Fig. 2) diverges with increasing thickness of LAO.
We extend this model to encompass the layer of va-

cancies constructed in our supercell approach. Because
oxygen is divalent, removal of a neutral oxygen atom in a
bulk insulating material such as LAO or STO leaves two
excess electrons in the conduction band weakly bound
to the oxygen vacancy. In an LAO|STO multilayer, the
potential energy of the electrons in the internal electric
field far exceeds this binding energy and the total en-
ergy can be reduced by moving the two electrons to the
conduction band minimum at the n interface leaving a
sheet of positive charge at the oxygen vacancy plane a

Unrelaxed lattice 

3

p pn

FIG. 3: Position dependence of the formation energy of an
oxygen vacancy in a 2 ⇥ 2 ⇥ (4 + 4) LAO|STO multilayer
relative to that of a vacancy in bulk STO (horizontal dotted
line) calculated from first principles with relaxation. Black
and grey symbols are for vacancies in AO and BO2 layers
respectively. The formation energy of an oxygen vacancy in
bulk LAO is shown as a dashed horizontal line.

distance d away. Assuming that the excess electrons are
on Ti ions at the TiO2|LaO interface, independent of
where the oxygen vacancies were formed, we can calcu-
late the d dependent change in the electrostatic energy to

be �2/⇥0
d1⇥2+d2⇥1

{�d1+
⇥1
⇥2
(d2�d)}d. It comprises two parts:

the energy to insert a sheet of positive charge density �/2

in the LAO|STO capacitor background, � 2�2/⇥0
d1⇥2+d2⇥1

d1d,
and the potential energy of the positively and negatively

charged sheets �2/⇥0
d1⇥2+d2⇥1

{d1 + ⇥1
⇥2
(d2 � d)}d. The calcu-

lated LDA core level shifts of ⇤ 0.9V/unit cell can be
used to estimate ⇥1 + ⇥2 ⇤ 52 leaving one free parameter
in the model, the ratio ⇥2/⇥1. Taking this to be 1.5 results
in the solid curve in Fig. 2. The good fit of this simple
model makes it clear that the internal fields induced by
the polar layered structure can lower the formation en-
ergy of oxygen vacancies at the p interface very substan-
tially and that the origin of the asymmetry in formation
energies in LAO and STO is the di⇥erence in their di-
electric constants. The residual interaction between the
field-ionized oxygen vacancies and electrons accounts for
the nonlinear behavior of the formation energy.

Atomic relaxation can be expected to strongly sup-
press the polarity. Nevertheless, when our structures are
fully relaxed, some essential features of �EVac

Ox (z) are un-
changed, see Fig. 3. In particular, the formation energy
has a minimum at the p interface and a maximum close
to the n interface while the minimum formation energy
is more than 1 eV lower than in bulk STO. Including
atomic relaxation di⇥erentiates between vacancy forma-
tion in AO and BO2 layers; the latter are energetically
more favourable though the behaviour as a function of
z is essentially the same. The lower formation energy
in BO2 layers can be understood in terms of the types
of relaxations possible within the constraints imposed by
stacking the di⇥erent layers in a multilayer. To simplify
the discussion, we focus on the less favourable case of
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FIG. 4: Upper panel: projection of the Ti-O-Ti separation
along the z direction due to buckling for clean interfaces (4)
and when vacancies are formed at the p (⇤) and at the n
(�) interface. Lower panel: formation energy of an oxygen
vacancy as a function of the multilayer thickness for p and
n interfaces in a 2 ⇥ 2 ⇥ (m +m) LAO|STO multilayer with
relaxed structure.

oxygen vacancies in AO layers so that our conclusions
will also be applicable for BO2-layer vacancies.

Critical thickness: For a capacitor with fixed charge
density �, the electric field is constant and the electro-
static potential increases as the plate separation (LAO
thickness) is increased, a feature that is supported by
both experimental [9, 15] and theoretical [20–23, 26] stud-
ies. Because of its dependence on the electrostatic poten-
tial, we expect the formation energy of oxygen vacancies
to depend on the multilayer thickness. Since the mini-
mum and maximum formation energies occur at or close
to the p and n interfaces, respectively, we focus on these
formation energies. We further assume equal thicknesses
m of the STO and LAO layers and plot �EVac

Ox as a func-
tion ofm in Fig. 4. At the n interface it is almost constant
in value and ⇤ 0.6 eV higher than for bulk STO. At the
p interface however, it decreases with increasing m and
becomes negative for a critical value of m between 3 and
4. Thus, for m ⇥ 4 oxygen vacancies are preferentially
formed at p interfaces rather than in the bulk of the ma-
terials or at the n interface. To better understand this
behaviour, it is useful to analyze how the atomic relax-
ation depends on the polarity of the system.

In the absence of atomic relaxation, uncompensated in-
ternal electric fields in an LAO|STO multilayer (as mea-
sured for example by core level shifts) lead to the occu-
pied LAO oxygen p band rising in energy from a mini-
mum at the n interface to cross the unoccupied Ti d con-
duction band minimum so the interface becomes conduct-
ing. When atomic relaxation is allowed, so-called zigzag
buckling of the Ti-O-Ti and Al-O-Al chains in the TiO2

and AlO2 planes occurs [12, 20–23, 26] that compensates
the electric fields and makes the whole system insulat-

Relaxed lattice 



Structural distortions in thin films

Theory: R. Pentcheva and W.E. Pickett, PRL 102, 107602 (2009)

LAO (001)

The present study is based on the gradient-corrected [14]
density-functional theory implemented in VASP [15]. The
numerical setup is similar to that used in Ref. [9]. For MgO
and NaCl we use ultrasoft pseudopotentials [16]. The
projector-augmented wave (PAW) method [17] describes
the electron-ion interaction in ZnO. A slab geometry, with
a (1! 1) two-dimensional (2D) unit cell, is adopted
throughout the study, with corrections for the residual
dipole. All atomic degrees of freedom are relaxed.
Atomic charges are estimated within a Bader method
[18]. The films are stoichiometric and unsupported, which
approximates well the deposition on a weakly interacting
substrate, such as the widely used silver surfaces [9]. The
film thickness is defined as the number N of formula units
in the unit cell. We define the structural parameter R as a
ratio between the mean shortest distance between anion
and cation planes R1 and the mean distance between planes
of the same chemical composition R1 " R2. We remind
that R enters the electrostatic compensation criterion R #
!Q=Q which determines the surface charge excess !Q
(with respect to the bulk value Q) necessary for stabiliza-
tion of polar surfaces [2].

We first focus on zinc blende MgO films and replot their
formation energy with respect to zinc blende MgO bulk:
Eform # Efilm $ NEZB

bulk. In this way we eliminate any spu-
rious linear contribution due to the difference of bulk RS
and ZB energies N%EZB

bulk $ ERS
bulk& (such as those visible in

Fig. 1 for the graphiticlike and zinc blende phases).
Figures 2(a)–2(c) evidence a transition at a critical thick-
ness NC ' 4–5 between a low- and a high-thickness re-
gime. The formation energy varies linearly at low

thickness: Eform ' E0 " "N. Beyond NC, the behavior
changes qualitatively and the formation energy converges
asymptotically towards the cleavage energy Ecl: Eform '
Ecl $ #=N. At low thickness, the lateral lattice parameter
increases with N and then decreases for N >NC. Except
for N # 1, where it is strictly equal to zero, the structural
parameter R is very small and quasi-independent of N.
Both the increase of the lateral lattice parameter and the
strong reduction of R are due to a considerable flattening of
the bilayers (small R1) with respect to bulk geometry,
Fig. 2(b). This effect is also at the origin of a reduced total
dipole moment. R suddenly increases at the transition and
asymptotically converges to the bulk value. As long as N <
NC, the charge modification !Q (with respect to the bulk
value Q) on the outer layers is practically negligible, while
in the whole high-thickness regime, the asymptotic rela-
tionship !Q=Q ' R1=%R1 " R2& is well obeyed. At low
thickness, the dipole moment and the associated electro-
static potential !%N& grow linearly with N. In the high-
thickness regime, their variation is very weak and !%N&
converges rapidly towards a constant value !sat. The gap
between the valence (VB) and the conduction (CB) bands
is open in the low-thickness regime and decreases quasili-
nearly with the number of oxide layers. It is closed when
N ( 5. Figure 2(d) displays the projected density of states
of the oxygen 2s levels for films of different thicknesses
(1 ) N ) 7). For a given N, the 2s levels of oxygens in the
successive layers are shifted with respect to one another.
The total width of the 2s band increases progressively as
long as N < NC and stays practically constant when N is
larger than NC.

The low-thickness films are thus uncompensated polar
systems, characterized by an insulating electronic struc-
ture, negligible !Q, and in which the dipole moment and
the formation energy grow linearly as a function of the film
thickness. Except for N # 1, the films can thus be viewed
as an association of identical capacitors, with constant
charges *Q per 2D unit cell, and uniform layer spacings.
Such an image accounts for the linear increase of !%N& and
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FIG. 2 (color online). MgO(111) fcc films: (a) in-plane lattice
parameter and formation energy, (b) structural parameter
R1=%R1 " R2& and relative surface charge !Q=Q, (c) gap G
and dipole moment, (d) local density of states of oxygen 2s
levels (the Fermi level is at EF # 0), as a function of film
thickness. Sketches of distorted (low-thickness) and bulklike
(high-thickness) structures are given in the insets (b).
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Figure 9. (a) Side view of the relaxed structure of 4 MLs LAO/STO(001) showing a strong polar distortion of the LAO film dominated by a
0.2–0.3 Å outward relaxation of La3+ (purple atoms) and additional buckling in the subsurface AlO2 layers; (b) layer-resolved density of
states of 4 ML LAO/STO(001) with relaxed positions of the cations. The strong lattice polarization allows the system to remain insulating
(here Eg = 0.4 eV) until a crossover to an electronic reconstruction takes place at around 5 MLs of LAO/STO(001) [52]. (c) Schematic figure
of the electric field induced linear shift in band edges in LAO/STO(001).

the interface is structurally perfect, i.e. without appreciable
defects. For such an interface LDA/GGA gives a metallic
solution with the Fermi level crossing the O 2p band [42, 43].
Since the occupied Sr and Al states lie well below
the Fermi level, the only possibility to obtain insulating
behavior (assuming a defect-free heterostructure) is to consider
correlation effects at the O 2p orbitals. Applying a Hubbard
repulsion U on the O 2p states with a single hole present
amounts to a lifting of the orbital degeneracy of the O 2p band.
Considering the charges and geometry of Al and O in the AlO2

layers, it is likely that the holes will go into π -bonds. Indeed
the GGA+U treatment results in a localization of a significant
part of the hole on a central oxygen with some contribution of
the nearest neighbors, while the next-nearest neighbors are not
affected (see figure 7(b)) and have a fully occupied O 2p band.
The holes are spin-polarized and the degree of localization of
charge is enhanced for antiferromagnetic coupling. However,
as shown in figure 7(a), the upper Hubbard band is pinned at
the Fermi level with some admixing of O in the next SrO layer.
These calculations [42] were performed for superlattices with
ideal positions of the atoms where the two inversion symmetric
interfaces are rather close. Including lattice relaxations and a
better separation between the interfaces is likely to lead to an
insulating polaronic solution.

In later experiments [11] it became clear that oxygen
vacancies play a significant role at the p-type interface. We
have considered also this more obvious possibility and find
that indeed the Fermi level lies in a dip of the DOS both for
a vacancy in the AlO2 and the SrO layer [42]. However, states
are observed immediately above the Fermi level and these have
different character for both cases. In the former (figure 8(a))
they result from the neighboring oxygens around the vacancy,
while in the latter (figure 8(b)) they are 3d states of the Ti ion
whose apex oxygen is missing. In both cases the vacancies are
likely to lead to F centers.

Park et al [43] have also addressed the electronic
behavior at the p-type as a function of the oxygen vacancy
concentration, finding that a system with 25% vacancies in the
SrO layer is metallic, while 50% results in a small bandgap. We
note that the concentration of oxygen vacancies is rather high,
but consistent with the 32% estimated from experiment [11].

3.3. Thin LaAlO3 films on an SrTiO3(001) substrate

Recent experiments on thin LAO films deposited on
an STO(001) substrate revealed a significant thickness
dependence of the transport properties [50]: the system
switches from insulating to conducting behavior between 3
and 4 monolayers (MLs). Moreover it was shown that
metallic behavior can be induced by an external bias even
below the critical thickness of 4 MLs and that conducting
and insulating regions can be ‘written’ by an atomic force
microscope tip [51]. At first glance these results do not fit in
the picture obtained from the DFT calculations for extended
LAO/STO superlattices discussed in section 3.1. In the latter
case the compensation mechanism at the n-type interface is
rather local, involving partial occupation of the Ti 3d band,
independent of the thickness of the LAO or STO layer.

In order to explore the effect of the surface on the
interfacial properties we have performed DFT calculations
within GGA for 1–5 MLs of LAO on an STO(001) substrate.
These are modeled in the supercell geometry with two
inversion symmetric surfaces on both sides of the slab to avoid
spurious electric fields. The surfaces are separated from their
periodic images by a vacuum region of ∼10 Å. In the following
we will discuss the role of the lattice relaxations and their
implications for the electronic properties.

3.3.1. Ionic screening of the electric field. As discussed in the
previous sections, in the LTO/STO and LAO/STO superlattices
the ferroelectric distortion is most pronounced in the SrTiO3
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FIG. 1. (Color online) Insulator-metal transition and lattice dis-
tortions in stoichiometric LaAlO3/SrTiO3. (a) LaAlO3 thickness
dependence of charge density at the interface, along with the average
buckling of La-O-La and O-Al-O chains in LaAlO3 films. To study
the thickness-dependence behavior, we average the angles defined by
180◦ − α and 180◦ − β for O-Al-O and O-La-O chains, respectively,
where α and β are shown in Fig. 1(b). (b) Structural guide for the
buckling of O-Al-O and O-La-O chains. We should note that the
circled oxygen atoms are not in the same plane with La atoms but
we define their angle β as the projected in-plane angle between
their buckling. (c) The remnant electric field in LaAlO3 films of
LaAlO3/SrTiO3 at different LaAlO3 thicknesses.

field, as the remnant electric field keeps increasing with the
increase of dLaAlO3 . When the dLaAlO3 > 4 uc, a critical point
is reached and the remnant electric field results in a potential
difference that exceeds the LaAlO3 band gap, which causes
an internal Zener breakdown to occur. At this point, electronic
reconstruction happens in LaAlO3/SrTiO3 via electron transfer
from surface AlO2 sublayer into interface TiO2 sublayers,
leaving extra holes at surface AlO2 and extra electrons
at interface TiO2 sublayers, although the calculated charge
density remains very small. We note that the phenomenon of
electronic reconstruction was introduced in an earlier study of
polar surfaces in K3C60 [29]. This electronic reconstruction
also compensates the polar electric field of LaAlO3, leading
to a sharp decrease of the remnant electric field after 4 uc of
LaAlO3 [see Fig. 1(c)].

Recent high-energy optical conductivity measurement of
LaAlO3/SrTiO3 shows that there is charge redistribution
between LaO and AlO2 sublayers in insulating LaAlO3/SrTiO3
[6]. In Fig. 2, we compare the charge density distribu-
tion between relaxed and unrelaxed stoichiometric 2 uc
LaAlO3/SrTiO3 structures and the internal charge redistri-
bution between LaAlO3 sublayers is indeed found in our
calculations. Because of the lattice distortions, the La atoms
move upwards to the surface while the oxygen atoms in
AlO2 sublayers move downwards to the interface (the La-O
buckling dipole), making their orbitals more overlapped and
thus more covalent than in the structures without lattice
distortions. Although the overlap between Al atoms in AlO2

FIG. 2. (Color online) In-plane averaged charge density of sto-
ichiometric 2 uc LaAlO3/SrTiO3. (a) Structural configuration of
stoichiometric 2 uc LaAlO3/SrTiO3 and the corresponding charge
density distribution (isovalue = 0.027 e/Å

3
). (b) Difference of the

xy-plane-averaged electron density between relaxed and unrelaxed
cases.

sublayers and the oxygen atoms in LaO sublayers (the Al-O
buckling dipole) counteracts the charge redistribution caused
by the La-O buckling dipole, this effect is inferior due to
the less pronounced lattice distortions of O-Al-O chains
than the O-La-O chains. Since this internal LaAlO3 charge
redistribution has strong interplay with the lattice distortion
effects, it also disappears once the atomic lattice distortions
vanish. For this stoichiometric 2 uc LaAlO3/SrTiO3 structure,
there is no charge redistribution between LaAlO3 and SrTiO3,
consistent with experimental observations [6].

Up to this point, we are able to explain to some extent
the experimental observations of insulating LaAlO3/SrTiO3 (2
and 3 uc LaAlO3/SrTiO3), i.e., the electronic redistribution
inner LaAlO3 sublayers [6], the lattice distortions [23,24], and
the remnant electric field [30]. However, this stoichiometric
LaAlO3/SrTiO3 model is not able to fully explain the con-
ducting LaAlO3/SrTiO3. First, the critical LaAlO3 thickness
happens at 5 uc instead of 4 uc as observed experimentally
[8]. Second, in conducting samples, the charge density
increases with LaAlO3 thickness, while experimentally the
charge density of conducting LaAlO3/SrTiO3 is independent of
LaAlO3 thickness, as observed in the steplike insulator-metal
transition [6,8]. Third, the charge density is much less than
the 0.5e− observed experimentally [6]. Fourth, the lattice
distortions still remain after the interface becomes conducting,
while experimentally [23,24] they collapse in conducting
LaAlO3/SrTiO3.
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sequence at the interface, whereas in other sam-
ples, in particular those grown under low oxygen
pressure, growth-induced oxygen vacancies in
the SrTiO3 were the dominant source of doping
(4, 5). We chose a third approach to dope the
interface. By using the electric-field effect (9, 10),
we reversibly induced the q2-DEG in LaAlO3-
SrTiO3 interfaces, providing the possibility to
tune the carrier density of the q2-DEG without
perturbing the microstructure of the interface.

For field-effect doping, it is desirable to
use interfaces that have a low carrier density
and, in the extreme case, are even insulating. For
LaAlO3-SrTiO3 interfaces, this implies limiting
possible doping by the polarity discontinuity as
well as by oxygen defects. Although doping by
oxygen vacancies is reduced if the SrTiO3 is well
oxidized, it is preferable to use ultrathin LaAlO3

layers to avoid possible doping by the polarity
discontinuity, which would dope the interface if
the flow of electrons from the LaAlO3 into the
interface is energetically favorable and kineti-
cally possible. In the polarity discontinuity mod-
el, the driving mechanism is given by the polar
catastrophe (11), which leads to an electric po-
tential, V, across the LaAlO3 that diverges with
its thickness, d. The heterostructure can avoid the
divergence of V by introducing interface rough-
ness, by moving electrons into the interface, and
by adding oxygen vacancies (11). Because the
energy needed to activate LaAlO3 electrons such
that they can move does not depend on d, this
naBve consideration suggests that d may have to
reach a critical value, dc, for the interface to
become doped and hence conducting.

To analyze the properties of the electron gas,
we fabricated and measured field effect samples
(Fig. 1) with the techniques described in (12).
To gain information on the strength of doping by
oxygen defects in our samples, we analyzed one
d 0 6 uc sample by cathodoluminescence.
Luminescence was observed with minute intensity
only: Under standard measurement conditions (4),
no indications of oxygen defects were observed.

As the measurements show (Fig. 2A), for the
interfaces to be conducting, d has to reach a
critical thickness, dc 0 4 uc. All samples with d Q
4 uc were conducting Esheet conductance (ss) ,
4 ! 10j3 ohmj1 (at 4.2 K) and ss , 2 ! 10j5

ohmj1 (at 300 K)^; all samples with d G dc,
insulating (ss G 2 ! 10j10 ohmj1 at all temper-
atures T ). The observation of a dc of 4 uc is
consistent with the observation that the conduc-
tivity of SrTiO3-LaAlO3-SrTiO3 heterostructures
is reduced if their p and n interfaces are spaced
by less than 6 uc (13).

Control measurements were performed on
samples that were patterned to have conducting
interfaces with 5-uc LaAlO3 layers in the areas in
which the contacts were placed and subcritical,
2-uc- or 3-uc-thick bridges connecting these areas.
These samples are insulating and thereby provide
evidence that the critical-thickness phenomenon
is not simply caused by an effect that is generated
by the contact between the Au and the q2-DEG.

Further reference studies on samples contacted
without Ar ion–etched holes proved that the
conducting layer is not located at the surface of
the LaAlO3. The conductivity also does not occur
in bulk SrTiO3, as was reported (14) for samples
grown under less oxidizing conditions. To test for
bulk conduction, we removed the surface layer of
a conducting sample by polishing. The remaining
substrate was highly insulating.

According to Hall measurements done on the
conducting samples, their carriers are negatively
charged with mobilities of È1200 cm2 V–1 s–1

and È6 cm2 V–1 s–1 at 4.2 K and 300 K, re-
spectively, and densities n , 1013 cm–2 at all T
(Fig. 2B). These mobilities are high but lower
than the best values reported in literature (2–5),
probably because of the growth conditions used,
which were selected to obtain interfaces with
low carrier density.

Which information does the steplike de-
pendence of the interface conductance on d
provide for the doping mechanisms present in
these samples? The d dependence of the inter-

face conductance can only be accounted for by
doping from growth-induced oxygen defects, if
during sample fabrication oxygen can diffuse
well through 3-uc-thick layers but not through
4-uc-thick ones. For this case, one has to expect
that d Q 4 uc samples can be turned into in-
sulators, too, if the diffusion of oxygen through
their LaAlO3 layers is enhanced. To test this
prediction, we annealed a d 0 4 uc sample for
7 days at 400-C in 20 bar of O2. This oxidation
step did not result in an insulating interface but
reduced the conductance by a factor of 5 (at all
T ). It therefore has to be concluded that the d
dependence of the interface conductance agrees
with the behavior predicted for doping by the
polarity discontinuity, although additional dop-
ing by oxygen vacancies might still be present.

The insulating samples are well suited to gen-
erate and control a q2-DEG by the electric field
effect. Electric fields were induced across the
SrTiO3 or across the LaAlO3 by applying gate
voltages, VG,b, to backside contacts of the SrTiO3

or voltages, VG,f, to small test contacts silver-

Fig. 1. Sketch of the samples and the contact configurations [the left side of the sample sketch in
(A) is a cross-sectional cut]. The SrTiO3 substrates were 1 mm thick. Current-voltage and resistance-
temperature measurements were done with the configuration shown in (B); Hall measurements,
with the van der Pauw configuration of (C) using either the contact configuration shown in gold or
in silver. The charges listed in the lattice sketch represent the unrelaxed charge distribution.
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Fig. 2. Influence of LaAlO3 thickness on the electronic properties of the LaAlO3-SrTiO3 interfaces.
(A) Sheet conductance and (B) carrier density of the heterostructures plotted as a function of the
number of their LaAlO3 unit cells. The data shown in blue and red are those of samples grown at
770-C and 815-C, respectively. The data were taken at 300 K. The numbers next to the data points
indicate the number of samples with values that are indistinguishable in this plot.
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FIG. 3. (Color online) Formation energy of surface oxygen va-
cancies in LaAlO3/SrTiO3 with different oxygen chemical potential
and LaAlO3 thicknesses. (a) Oxygen chemical potential dependence
of formation energy of surface oxygen vacancies in LaAlO3/SrTiO3.
The vertical black dashed line indicates the oxygen-rich condition,
while the vertical red dashed line indicates the oxygen-poor con-
dition. (b) The formation energy of surface oxygen vacancies for
experimental oxygen-rich and oxygen-poor conditions as a function
of LaAlO3 thickness in LaAlO3/SrTiO3.

Another important observation in high-energy optical
conductivity of LaAlO3/SrTiO3 measurement was that the
conducting LaAlO3/SrTiO3 exhibited VO signature in LaAlO3
[6]. However, this signature was not observed in insulating
LaAlO3/SrTiO3. This suggests that the formation conditions
for VO in insulating and conducting LaAlO3/SrTiO3 are
different. For this reason, we calculate formation energy (Ef )
of VO in LaAlO3 film of LaAlO3/SrTiO3 with different LaAlO3
thicknesses. First of all, our calculations show that in LaAlO3
film, the Ef of VO is the lowest at the surface. Second, the
Ef of surface VO in LaAlO3/SrTiO3 also varies as a function
of LaAlO3 thickness and oxygen chemical potential, as shown
in Fig. 3. One clearly sees that Ef of surface VO decreases
as the thickness of LaAlO3 increases, which means it is more
energetically favorable to create surface VO in thicker LaAlO3
film. Interestingly, when dLaAlO3 ! 4 uc, the formation energy
of surface VO crosses through zero at most oxygen chemical
potential windows, indicating a high possibility to form the
surface VO.

Experimentally, the upper limit of oxygen partial pres-
sure for layer-by-layer deposition of LaAlO3/SrTiO3 is
5×10−2 mbar with a typical deposition temperature of 850 ◦C
[11], implying this oxygen partial pressure is the oxygen-rich
limit of LaAlO3/SrTiO3 deposition. The calculated formation
energy of surface oxygen at this oxygen chemical potential
energy is shown in Fig. 3(b). It can be seen that formation
energy is equal to or below zero for dLaAlO3 ! 4 uc, even at
this oxygen-rich limit, suggesting that the oxygen vacancies
are energetically favorable to be formed in LaAlO3 film with
these thicknesses.

Based on this reason, we perform DFT calculations by
including surface VO for 4, 5, and 6 uc LaAlO3/SrTiO3, which
are experimentally found to be conducting [8]. The relaxed
LaAlO3/SrTiO3 structure after the inclusion of surface VO
is shown in Figs. 4(a) and 4(b) along different directions.
From here, the dipole-inducing lattice distortions as defined in

FIG. 4. (Color online) Insulator-metal transition and lattice dis-
tortions in LaAlO3/SrTiO3, after the introduction of surface oxygen
vacancies in conducting LaAlO3/SrTiO3. (a) Structural guide for the
relaxed 4 uc LaAlO3/SrTiO3 along ⟨010⟩ direction with surface oxy-
gen vacancy. (b) Structural guide for the relaxed 4 uc LaAlO3/SrTiO3

along ⟨100⟩ direction with surface oxygen vacancy. (c) LaAlO3

thickness dependence of number of excess charge at the interface,
and the average buckling of La-O-La and O-Al-O chains in LaAlO3

thin films for different thicknesses of LaAlO3 on SrTiO3. The 2 and
3 uc LaAlO3/SrTiO3 are stoichiometric, while the 4, 5, and 6 uc
LaAlO3/SrTiO3 are with surface oxygen vacancies.

Fig. 1(b) vanish, consistent with experimental results [23,24].
The lattice distortions seen in Figs. 4(a) and 4(b) are mainly
caused by the absence of one surface oxygen atom in a 2×2×1
supercell, and do not give rise to cationic dipoles.

The results of the calculations for the charge density are
also shown in Fig. 4(c). [Note that the calculations for the
charge density and buckling in 2 and 3 uc LaAlO3/SrTiO3
are performed without including surface VO, the same as the
results in Fig. 1(a).] It can be seen that the LaAlO3 thickness
dependence of the interface charge density now forms a step
function, resulting in a discontinuity transition, consistent
with experimental observations [6,8]. There are four main
effects of surface VO. First, the charge density is found to
be 0.5e−, which completely compensates the polar electric
field, consistent with the experimental observation [6]. Second,
the amount of 0.5e− is consistent with the interlayer charge
transfer stipulated by the electronic reconstruction model.
Third, the 0.5e− charge density is independent of LaAlO3

125423-4

ZHOU, ASMARA, YANG, SAWATZKY, FENG, AND RUSYDI PHYSICAL REVIEW B 92, 125423 (2015)

FIG. 3. (Color online) Formation energy of surface oxygen va-
cancies in LaAlO3/SrTiO3 with different oxygen chemical potential
and LaAlO3 thicknesses. (a) Oxygen chemical potential dependence
of formation energy of surface oxygen vacancies in LaAlO3/SrTiO3.
The vertical black dashed line indicates the oxygen-rich condition,
while the vertical red dashed line indicates the oxygen-poor con-
dition. (b) The formation energy of surface oxygen vacancies for
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of LaAlO3 thickness in LaAlO3/SrTiO3.

Another important observation in high-energy optical
conductivity of LaAlO3/SrTiO3 measurement was that the
conducting LaAlO3/SrTiO3 exhibited VO signature in LaAlO3
[6]. However, this signature was not observed in insulating
LaAlO3/SrTiO3. This suggests that the formation conditions
for VO in insulating and conducting LaAlO3/SrTiO3 are
different. For this reason, we calculate formation energy (Ef )
of VO in LaAlO3 film of LaAlO3/SrTiO3 with different LaAlO3
thicknesses. First of all, our calculations show that in LaAlO3
film, the Ef of VO is the lowest at the surface. Second, the
Ef of surface VO in LaAlO3/SrTiO3 also varies as a function
of LaAlO3 thickness and oxygen chemical potential, as shown
in Fig. 3. One clearly sees that Ef of surface VO decreases
as the thickness of LaAlO3 increases, which means it is more
energetically favorable to create surface VO in thicker LaAlO3
film. Interestingly, when dLaAlO3 ! 4 uc, the formation energy
of surface VO crosses through zero at most oxygen chemical
potential windows, indicating a high possibility to form the
surface VO.

Experimentally, the upper limit of oxygen partial pres-
sure for layer-by-layer deposition of LaAlO3/SrTiO3 is
5×10−2 mbar with a typical deposition temperature of 850 ◦C
[11], implying this oxygen partial pressure is the oxygen-rich
limit of LaAlO3/SrTiO3 deposition. The calculated formation
energy of surface oxygen at this oxygen chemical potential
energy is shown in Fig. 3(b). It can be seen that formation
energy is equal to or below zero for dLaAlO3 ! 4 uc, even at
this oxygen-rich limit, suggesting that the oxygen vacancies
are energetically favorable to be formed in LaAlO3 film with
these thicknesses.

Based on this reason, we perform DFT calculations by
including surface VO for 4, 5, and 6 uc LaAlO3/SrTiO3, which
are experimentally found to be conducting [8]. The relaxed
LaAlO3/SrTiO3 structure after the inclusion of surface VO
is shown in Figs. 4(a) and 4(b) along different directions.
From here, the dipole-inducing lattice distortions as defined in

FIG. 4. (Color online) Insulator-metal transition and lattice dis-
tortions in LaAlO3/SrTiO3, after the introduction of surface oxygen
vacancies in conducting LaAlO3/SrTiO3. (a) Structural guide for the
relaxed 4 uc LaAlO3/SrTiO3 along ⟨010⟩ direction with surface oxy-
gen vacancy. (b) Structural guide for the relaxed 4 uc LaAlO3/SrTiO3
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thickness dependence of number of excess charge at the interface,
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thin films for different thicknesses of LaAlO3 on SrTiO3. The 2 and
3 uc LaAlO3/SrTiO3 are stoichiometric, while the 4, 5, and 6 uc
LaAlO3/SrTiO3 are with surface oxygen vacancies.

Fig. 1(b) vanish, consistent with experimental results [23,24].
The lattice distortions seen in Figs. 4(a) and 4(b) are mainly
caused by the absence of one surface oxygen atom in a 2×2×1
supercell, and do not give rise to cationic dipoles.

The results of the calculations for the charge density are
also shown in Fig. 4(c). [Note that the calculations for the
charge density and buckling in 2 and 3 uc LaAlO3/SrTiO3
are performed without including surface VO, the same as the
results in Fig. 1(a).] It can be seen that the LaAlO3 thickness
dependence of the interface charge density now forms a step
function, resulting in a discontinuity transition, consistent
with experimental observations [6,8]. There are four main
effects of surface VO. First, the charge density is found to
be 0.5e−, which completely compensates the polar electric
field, consistent with the experimental observation [6]. Second,
the amount of 0.5e− is consistent with the interlayer charge
transfer stipulated by the electronic reconstruction model.
Third, the 0.5e− charge density is independent of LaAlO3
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Polarity induced defect mechanism

spontaneously formed deep LaSr defects that have donor level
higher than the VBM at the interface. Therefore, to induce
interfacial hole conductivity, one should search for the polar–
nonpolar interfaces where all such donors have high enough
formation energy to form or (ii) their donor levels below the
VBM at the interface. Practically, the (ii) may be achieved more
easily by searching for the polar material whose VBM is higher
than the charge transition energy levels of those spontaneously
formed interfacial donor defects.

The origin of interface magnetism. Distinct from previous
models31–34 that explain magnetism based on the intrinsic
interfacial Ti3þ ion in the SrTiO3 (that is, not a defect), we
find below that the local magnetic moment originates from the
unionized deep TiAl antisite defect (that is, Ti3þ -on-Al3þ within
LaAlO3 side near the interface. The interface magnetism depends
on the concentration and spatial distribution of such TiAl defects.
This picture explains not only why the magnetism appears at
n-type interfaces with a similar critical thickness to that for 2DEG
but also why the magnetism also appears at insulating p-type
interfaces8.

What causes local moment? As discussed earlier, for n-type
interfaces, when nLAOoLc, the polar field in LaAlO3 is cancelled
by the charge transfer from TiAl(S) defects to the interface. These
formed TiAl defects are thus ionized, that is, TiAl

1þ (where
superscript denotes the defect charge states). The Ti ion at this
defect site has the oxidation states of 4þ , denoted as Ti4þ ,
which has no local magnetic moment. Moreover, noted before,
when nLAOZLc, the polar field in LaAlO3 is cancelled by the
charge transfer to the interface from VO(S) instead of TiAl. In
absence of internal field, all TiAl(I) defects in the LaAlO3 film are
most stable in their charge neutral (or unionized) states, that is,
TiAl

0 , where Ti appears as Ti3þ oxidation state, having a finite
local magnetic moment. Therefore, the interface magnetism at
n-type interfaces because of those unionized TiAl

0 defects should
also have a critical thickness of B4 uc. For p-type interfaces, it is
the charge transfer among the defects other than TiAl defects that
cancels the polar field in LaAlO3. Thus, all TiAl defects formed
there are not ionized, having local magnetic moments, and cause
interface magnetism.

The magnitude of local magnetic moment: The local moment
of a single TiAl defect at the interface can be estimated from that
in bulk LaAlO3, which is 0.84mB from our hybrid functional
calculation. For ferromagnetic order as observed in the experi-
ment, the total interface magnetic moment depends on the
concentration of unionized TiAl defects in LaAlO3 and can be

very small per Ti atom in average. The experimentally observed
inhomogeneous landscape of magnetism that also varies from
sample to sample8,9 may be attributed to the various spatial distri-
butions of TiAl defects, which may be sensitive to sample preparat-
ion conditions (such as temperature and PO2) and local strain.

The TiAl(I) defects within LaAlO side being the origin of the
local moment are more reasonable than VO(I) in two aspects.
First, the deep TiAl defect is spatially localized and has an
unambiguous local moment. In contrast, VO is a shallow donor
that transfer electrons to the lower-energy interfacial Ti dxy sub-
bands that have light effective mass inside the interface plane59;
therefore, the resulting Ti3þ may then be itinerant. Second, the
TiAl defects would form readily because of the small or negative
DH of TiAl, whereas the interfacial VO requires significant energy
to form and if formed it may be removed completely after
annealing.

Discussion
We establish a physical link between polar discontinuity and
defect formation: the polar discontinuity triggers spontaneous
formation of certain defects that in turn cancel the polar field
induced by polar discontinuity. It is the subtle interplay of those
spontaneously formed surface vacancy defects and interfacial
cation antisite defects that control the physics of the system by
their formation energies and relative defect levels. Table 2
summarizes how those defects shown in Fig. 1 explain the leading
experimental observations and puzzles in Table 1. The explana-
tion leads to a set of design principles for both conductivity and
magnetism at LaAlO3/SrTiO3 and other polar–nonpolar inter-
faces and enables the design of better polar–nonpolar interfaces.

Having ruled out the electronic reconstruction, interfacial VO
and interfacial cation intermixing mechanism as the possible
origin of 2DEG in our calculations, we conclude that the 2DEG at
n-type interfaces with nLAOZLc originates from the sponta-
neously formed VO(S) defects. This conclusion stems from the
finding that the donor level of deep VO in the LaAlO3 side is
higher than the SrTiO3 conduction band edge at the interface.
This finding explains why the formation energy of VO(S)
decreases linearly as nLAO increases. This linear decrease relation
leads to some new controlling parameters for the critical
thickness of sharp metal–insulator transition in absence of the
electric field in the polar LaAlO3 film. Instead of causing the
2DEG, the anti site defect pair turns out to play a key role in
canceling the polar field, controlling the density of the 2DEG, and
inducing the local magnetic moments at the interface (Table 2).

The emerging mechanism provides three distinctive predic-
tions to be tested in experiment as further validation. (i) For

Table 2 | The specific defects and their charge transfer processes that explain the leading experimental observations at
stoichiometric LaAlO3/SrTiO3 interfaces.

n-type interface structure p-type interface structure

nLAO o Lc nLAOZ Lc nLAO o Lc nLAOZ Lc

Polar field compensation TiAl (S)-AlTi (I) VO(S)- AlTi(I) and VO(S)- CBM(I) LaSr (I)-SrLa( S) LaSr (I)-VLa (S)

Origin of 2DEG/2DHG No 2DEG: AlTi(I) traps
all electrons from TiAl(S)

VO(S)-CBM(I): AlTi(I) traps
part of electrons from VO(S)

No 2DHG: LaSr(I) traps
all holes from SrLa(S)

No 2DHG: LaSr (I) traps
all holes from VLa(S)

Density of 2DEG/2DHG Zero o 0.5 e S2D
" 1 Zero Zero

Origin of critical thickness Polar-field induced VO (S) formation Polar-field induced VLa (S) formation

Origin of interface
magnetism

Ti4þ -on-Al3þ forms
but has no local moment

Ti3þ -on-Al3þ forms and
induces local moment

Ti3þ -on-Al3þ forms and
induces local moment

Ti3þ -on-Al3þ forms and
induces local moment

The ‘‘S’’ and ‘‘I’’ denote the LaAlO3 free surface and LaAlO3/SrTiO3 interface, respectively. S2D is the two-dimensional unit cell area.
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film, the density of 2DEG, the insulating nature of p-type
interfaces and the origin of the local magnetic moments. During
this process, we also distil the general design principles that
control the pertinent effects and could allow future section of
better polar–nonpolar interface materials.

Results
The origin of the 2DEG. The 2DEG is unlikely to originate from
the defect-free scenarios: these include the ionization of the
intrinsic LaAlO3 valence bands (suggested by the polar cata-
strophe model3,4) or the ionization of the LaO interface layer
(suggested by the interfacial charge-leaking model)37

(Supplementary Note 1). This conclusion stems from the fact
that the creation of 2DEG in these defect-free scenarios requires
the LaAlO3 valence band maximum (VBM) to cross the SrTiO3
conduction band minimum (CBM) or EF. However, this is
contrary to the experimentally observed weak field (negligible
band-bending)38–41 in the LaAlO3 film, clearly showing that the
LaAlO3 VBM is located energetically far below the EF.

The 2DEG also is unlikely to originate from interfacial point
donor defects (LaSr, TiAl and VO). Recall first that the defect
formation energy (DH) depends on the EF (or chemical potential)
and the defect charge transition energy e(q/q0) needs to be close to
band edges in order to produce free carriers. In thermodynamic
equilibrium, the EF of the system pins around the middle of
SrTiO3 band gap when nLAOoLc and around the SrTiO3
conduction band edge near the interface when nLAOZLc
(Supplementary Note 2). In either case, Fig. 2ab shows that the
DH of the interfacial antisite donor defects, LaSr

0 and TiAl
0 , is

small positive or even negative (note: the superscript denotes
the defect charge states, not the nominal oxidation state of the
atom at the defect site). In other words, the formation of such
antisite defects at the thermodynamic equilibrium EF is
energetically favourable and would inevitably lead to interfacial
cation mixing. However, at such EF, both LaSr

0 and TiAl
0 defects are

stable in their charge neutral states (as indicated by the
superscript), contributing no free carriers. On the other hand,
the interfacial VO defects are energetically stable in the charged
states, that is, VO

2þ (Fig. 2a,b). This means that, if formed, the VO
will donate electrons and thereby become positively charged.
However, the DH of VO

2þ at such equilibrium EF is rather
high (42.5 eV), implying that VO

2þ have very low concentration
under thermodynamic equilibrium conditions. The high DH also
means that even if the VO defects are formed under none-
quilibrium growth conditions, they can still be removed easily by
the post O-rich annealing process42 (Supplementary Note 3).
Thus, contrary to earlier postulations, these interfacial donor
defects are not responsible for 2DEG, consistent with recent
experiments43.
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Figure 1 | Schematic band diagram and change transfer among the
defects at LaAlO3/SrTiO3 interfaces. (a) n-type interfaces with nLAOoLc:
all electrons transferred from TiAl(S) are trapped by deep AlTi(I), causing no
2DEG. (b) n-type interfaces with nLAOZLc: VO(S) defects donate B0.5 e
S2D
" 1 to the interface. Part of B0.5 e S2D

" 1 is trapped by the AlTi(I) and the
rest leads to interfacial 2DEG. The formed TiAl defects are ionized, i.e.,
Ti3þ -on-Al3þ , having local magnetic moments. (c,d) p-type interfaces
with nLAOoLc (B4 uc) and nLAOZLc: all electrons transferred from LaSr(I)
are trapped by SrLa(S) and VLa(S), respectively. All involved defects are
deep and do not induce carriers. The un-ionized TiAl

0 (not shown in c,d) also
form and induce local moments. The superscripts (0,þ ,þ þ ," ) in the
Figure denote the defect charge states, not the oxidation states of the
ions there.
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Figure 2 | Formation energy of the interfacial point defects at thermodynamical equilibrium Fermi energy. (a,b) n-type interfaces with nLAOoLc and
nLAOZLc, respectively. (c) p-type interfaces. At a given EF, the defect in different charge states (for example, VSr

0 , VSr
1" , VSr

2" ) usually has different DH
and the only one with the lowest DH is shown in the Figure. The DH versus EF for these defects are shown in Supplementary Fig. 2, which also
includes other high-DH defects not shown here. The chemical potentials used for Sr, Ti, La, Al and O are "4.36, "6.20, " 6.10, " 5.46 and " 2.0 eV,
respectively, relative to their corresponding elemental solid or gas phases, which corresponds to T¼ 1050 K and PO2¼ 6.1$ 10" 6 Torr (Supplementary Fig. 3).
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film, the density of 2DEG, the insulating nature of p-type
interfaces and the origin of the local magnetic moments. During
this process, we also distil the general design principles that
control the pertinent effects and could allow future section of
better polar–nonpolar interface materials.

Results
The origin of the 2DEG. The 2DEG is unlikely to originate from
the defect-free scenarios: these include the ionization of the
intrinsic LaAlO3 valence bands (suggested by the polar cata-
strophe model3,4) or the ionization of the LaO interface layer
(suggested by the interfacial charge-leaking model)37

(Supplementary Note 1). This conclusion stems from the fact
that the creation of 2DEG in these defect-free scenarios requires
the LaAlO3 valence band maximum (VBM) to cross the SrTiO3
conduction band minimum (CBM) or EF. However, this is
contrary to the experimentally observed weak field (negligible
band-bending)38–41 in the LaAlO3 film, clearly showing that the
LaAlO3 VBM is located energetically far below the EF.

The 2DEG also is unlikely to originate from interfacial point
donor defects (LaSr, TiAl and VO). Recall first that the defect
formation energy (DH) depends on the EF (or chemical potential)
and the defect charge transition energy e(q/q0) needs to be close to
band edges in order to produce free carriers. In thermodynamic
equilibrium, the EF of the system pins around the middle of
SrTiO3 band gap when nLAOoLc and around the SrTiO3
conduction band edge near the interface when nLAOZLc
(Supplementary Note 2). In either case, Fig. 2ab shows that the
DH of the interfacial antisite donor defects, LaSr

0 and TiAl
0 , is

small positive or even negative (note: the superscript denotes
the defect charge states, not the nominal oxidation state of the
atom at the defect site). In other words, the formation of such
antisite defects at the thermodynamic equilibrium EF is
energetically favourable and would inevitably lead to interfacial
cation mixing. However, at such EF, both LaSr

0 and TiAl
0 defects are

stable in their charge neutral states (as indicated by the
superscript), contributing no free carriers. On the other hand,
the interfacial VO defects are energetically stable in the charged
states, that is, VO

2þ (Fig. 2a,b). This means that, if formed, the VO
will donate electrons and thereby become positively charged.
However, the DH of VO

2þ at such equilibrium EF is rather
high (42.5 eV), implying that VO

2þ have very low concentration
under thermodynamic equilibrium conditions. The high DH also
means that even if the VO defects are formed under none-
quilibrium growth conditions, they can still be removed easily by
the post O-rich annealing process42 (Supplementary Note 3).
Thus, contrary to earlier postulations, these interfacial donor
defects are not responsible for 2DEG, consistent with recent
experiments43.
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Figure 1 | Schematic band diagram and change transfer among the
defects at LaAlO3/SrTiO3 interfaces. (a) n-type interfaces with nLAOoLc:
all electrons transferred from TiAl(S) are trapped by deep AlTi(I), causing no
2DEG. (b) n-type interfaces with nLAOZLc: VO(S) defects donate B0.5 e
S2D
" 1 to the interface. Part of B0.5 e S2D

" 1 is trapped by the AlTi(I) and the
rest leads to interfacial 2DEG. The formed TiAl defects are ionized, i.e.,
Ti3þ -on-Al3þ , having local magnetic moments. (c,d) p-type interfaces
with nLAOoLc (B4 uc) and nLAOZLc: all electrons transferred from LaSr(I)
are trapped by SrLa(S) and VLa(S), respectively. All involved defects are
deep and do not induce carriers. The un-ionized TiAl

0 (not shown in c,d) also
form and induce local moments. The superscripts (0,þ ,þ þ ," ) in the
Figure denote the defect charge states, not the oxidation states of the
ions there.
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Figure 2 | Formation energy of the interfacial point defects at thermodynamical equilibrium Fermi energy. (a,b) n-type interfaces with nLAOoLc and
nLAOZLc, respectively. (c) p-type interfaces. At a given EF, the defect in different charge states (for example, VSr

0 , VSr
1" , VSr

2" ) usually has different DH
and the only one with the lowest DH is shown in the Figure. The DH versus EF for these defects are shown in Supplementary Fig. 2, which also
includes other high-DH defects not shown here. The chemical potentials used for Sr, Ti, La, Al and O are "4.36, "6.20, " 6.10, " 5.46 and " 2.0 eV,
respectively, relative to their corresponding elemental solid or gas phases, which corresponds to T¼ 1050 K and PO2¼ 6.1$ 10" 6 Torr (Supplementary Fig. 3).
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Electropositive cations as surfactants

2

FIG. 1. (Color online) (a) Kads(LAO)m(STO)4 for m = 2
(initial structure). K atoms are placed on the surface AlO2

layer in the middle of the squares formed by oxygen atoms.
This is illustrated in panel (b) which shows a top view of the
K adsorption sites on the surface AlO2 layer. The simulated
square unit cell has a side length of

√
2a, where a = 3.913 Å

is the theoretical lattice constant of bulk STO obtained from
DFT using the PBE functional.

in the Supplemental Material [40]). We refer to this
general structure as Kads(LAO)m(STO)4. The structure
for m = 2 is shown in Fig. 1a. We choose to place the
K atoms above the center of squares formed by the oxy-
gen atoms in the surface AlO2 layer, as shown in Fig. 1b.
This position is expected to be the most stable configura-
tion because upon donating its 4s electron, a K+ cation
should be attracted to each O2− anion. Treating the oxy-
gen anions as spherically symmetric charges, our chosen
adsorption position should be the most stable. Indeed,
alternate positions were found to be unstable towards re-
laxing back into this chosen position, thus validating our
choice.

The lateral lattice constant is fixed at
√
2a where

a = 3.913 Å is the calculated DFT-PBE lattice con-
stant for bulk STO. Atoms of the bottom-most STO unit
layer are kept fixed so as to simulate the effect of the in-
finitely thick substrate. All other atoms are allowed to
relax along the z-direction until the force on each atom is
less than 0.02 eV/Å. 15 Å of vacuum is put on top of each
slab to minimize interactions between periodic copies of
the slab. Dipole corrections to the total energy and elec-
tric potential are used to remove any remaining spurious
contributions due to periodic boundary conditions [41].

Compensation by potassium electron donation: Layer
and element projected partial densities of states (PDOS)
for the case of m = 3 are shown in Fig. 2a. Upon adsorp-
tion of K, electrons are donated into the Ti 3d conduction
bands. The conduction electron density is greatest for the
titanate layer closest to the interface and decays for lay-
ers further away, forming a q-2DEG as in pure electronic
reconstruction. In both cases, the extent of the electron

transfer is limited by an associated energy cost. In the
case of pure electronic reconstruction, this penalty is the
band gap between the valence band of LAO and the con-
duction band of STO. In the present case, this is given
by the binding energy of the 4s electron of the adsorbed
K. This parameter controls how much of the diverging
potential across LAO is compensated. To evaluate the
energetic efficiency of this compensation mechanism, we
look for any residual potential buildup across LAO. In
Fig. 2b, the in-plane averaged electric potential is plotted
as a function of depth z within the LAO region for sys-
tems with and without adsorbed K. On the energy scale
of the plot (∼ 1 eV), no potential buildup is observed
across LAO in the system with K, whereas a potential
buildup of ∼ 2 eV is present in the system without K. A
similar result was observed in Ref. [42] in the context of
placing metallic leads on top of the LAO/STO.
It has been shown that in the absence of oxygen vacan-

cies or other defects, the onset of electronic reconstruction
is delayed through formation of polar distortions within
the LaO layers [8], which create internal compensating
dipoles that screen the electric potential. Below a critical
thickness of 4-5 unit LAO layers, this suffices to partially
compensate the polar potential and electronic reconstruc-
tion does not occur. In thicker films with larger potential
buildup, the compensation requires electronic reconstruc-
tion, which in turn removes the need for these polar dis-
tortions within the LaO layers. In further evaluating the
energy cost of compensation by K adsorption, it is thus
worthwhile to consider whether the donation of the K 4s
electron to Ti 3d bands occurs for all thicknesses of LAO,
or whether a critical thickness exists for similar reasons.
The total DOS for 1 ≤ m ≤ 6, with and without K

adsorption, are shown in Fig. 3 (projected densities
of states are shown in the Supplemental Material
[40]). The critical thickness is defined to be the number
of layers of LAO at which the system without K becomes
conducting. From our calculations this is at 4 unit layers
of LAO (Fig. 3c). The system with adsorbed K is found to
be conducting for all thicknesses simulated: even at one
unit layer of LAO, where the potential across the film is
smallest, K gives up its 4s electron to the Ti 3d bands.
Cohesive energies: Figs. 2 and 3 show that K ad-

sorption negates the polar catastrophe and stabilizes the
LAO/STO heterojunction. The additional energetic sta-
bility can be quantified by calculating the cohesive energy
of the adsorbed system with respect to the system with-
out K and in the absence of other defects. We define the
LAO thickness dependent cohesive energy Ecoh(m) as:

Ecoh(m) = EKadsLAOmSTO4 − ELAOmSTO4 − EK , (1)

where m is the number of unit layers of LAO,
EKadsLAOmSTO4 is the total energy of the system with
K adsorption, ELAOmSTO4 is the total energy of the sys-
tem without K adsorption (using the same size of lateral
unit cell), and EK is the energy of an isolated K atom.
Hence, Ecoh can be interpreted as the cohesive energy per
adsorbed K. It is plotted as a function of m in Fig. 4.

Motivation: 
• defect free films, heterostructures, etc  
• (111) terminated MnS stabilized by adsorption of I- (a)  
• Bi is used to increase surface smoothness and enhance 

N incorporation in GaNxAs1-x (b)  
• K is used to electron doped YBCO (c) 

(a) H. H. Heikens, et al, Jpn. J. Appl. Phys. 19, 399 (1980). 
(b) S. Tixier, et al, J. Cryst. Growth 251, 449 (2003); E. Young, et al, J. Cryst. Growth 279, 316 (2005). 
(c) D. Fournier, et al, Nature Phys. 6, 905 (2010); M. A. Hossain, et al, Nature Phys. 4, 527 (2008)

Test system: 

LaAlO3 films on SrTiO3 substrate



Electropositive cations as surfactants3

In an effort to explain why no residual potential is
actually observed experimentally, Ref. 42 simulated the
placement of metallic overlayers on top of LAO/STO af-
ter growth; this has subsequently been done with Co.43

The main conclusion was that the presence of metallic
contacts used for measurements explains why residual po-
tential is absent in experiment. One might consider these
results of Ref. 42 as another way to remove the potential
buildup. However, in this case the top layer is metallic
and separating its conductivity from that of the q-2DEG
is difficult. This is not an issue for our proposal, where
the K surfactant layer is insulating after donating its elec-
trons to the interface. More importantly, since the metal
capping is done after growth, the tendency for defects
and vacancies to form during growth is not mitigated. In
contrast, as we argue below, the crystal grows underneath
the K surfactant layer free of such defects.
It has been shown that in the absence of O vacancies

or other defects, the onset of electronic reconstruction is
delayed through formation of polar distortions within the
LaO layers,8 which create internal compensating dipoles
that screen the electric potential. Below a critical thick-
ness of 4-5 unit LAO layers, this suffices to partially
compensate the polar potential. In thicker films with
larger potential buildup, the compensation requires elec-
tronic reconstruction, which in turn removes the need for
these polar distortions. It is thus worthwhile to consider
whether a critical thickness, for similar reasons, exists for
the transfer of the K 4s electron to the Ti 3d bands.
Fig. 3 shows DOS for 1 ≤ m ≤ 6, with and without

adsorbed K. The critical thickness at which the system
without K becomes conducting is confirmed to be of 4
LAO unit layers, see Fig. 3(d). In contrast, the system
with adsorbed K is metallic for all thicknesses: even at
one unit layer of LAO, where the potential across the film
is smallest, K gives up its 4s electron to the Ti 3d bands
and the polar distortions within LAO are eliminated.

B. Cohesive energies

Figures 2 and 3 show that K adsorption negates the
polar catastrophe and stabilizes the LAO/STO hetero-
junction. The energetic stability can be quantified by
calculating the cohesive energy Ecoh(m):

Ecoh(m) = EKadsLAOmSTO4 − ELAOmSTO4 − EK , (1)

where m is the number of unit layers of LAO,
EKadsLAOmSTO4 is the total energy of the system with
K adsorption, ELAOmSTO4 is the total energy of the sys-
tem without K adsorption (using the same size of lateral
unit cell), and EK is the energy per atom of metallic K
(body-centered cubic). Thus Ecoh is the cohesive energy
per adsorbed K with respect to metallic K. It is plotted
as a function of m in Fig. 4.
Two observations can be made: (1) The K-adsorbed

system becomes more stable relative to the original sys-
tem as the number of LAO unit layers is increased. This is
a trivial consequence of the potential buildup across LAO
increasing with m—the greater the potential buildup, the
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FIG. 3. Total DOS for (LAO)m(STO)4, m = 1 − 6, with
(black line) and without (shaded gray) K adsorption. The
Fermi energy is at 0. The scale is the same for all panels. The
critical thickness at which the system without K undergoes
electronic reconstruction and becomes conducting is 4 unit
layers of LAO. In contrast, the system with K is conducting
at all LAO thicknesses simulated.

greater the energy reduction when it is eliminated by elec-
tron transfer from adsorbed K; and (2) for the thicknesses
considered, |Ecoh| ranges from 1 eV to over 2 eV, which
is a very substantial energetic stabilization.

C. Potassium coverage beyond 1/2 per unit cell

We also consider what happens if more potassium is
adsorbed than the minimum of 1/2 per unit cell needed
for compensation of the polar problem. In Fig. 5, we plot
the K projected densities of states (PDOS) near EF at
three values of K coverage: the optimal value of 1/2 per
unit cell, as well as 3/4 and 1 per unit cell, respectively.
The thickness of the LAO layer is m = 2.
For the latter two coverages, Fig. 5 shows that although

the K overlayer now has enough electrons to transfer more
than 1/2 electron per unit cell to the interface, the extra
electrons are retained in the K overlayer for the cover-
ages beyond 1/2 K per unit cell. This confirms that K
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FIG. 2. (Color online) (a) Layer and element projected DOS
for Kads(LAO)3(STO)4. The Fermi energy is at 0. Upon
adsorption of K, the TiO2 layers become conducting. This is
attributed to the donation of the K 4s electron to the Ti 3d
conduction bands. The conduction electron density is greatest
for the TiO2 layer closest to the interface. (b) The in-plane
averaged electric potential is plotted as a function of the z-
position along the (001) direction of the supercell, within the
LAO region, for the system with and without K. On the scale
of the plot (∼ 1 eV), no residual potential buildup is observed
for the K adsorbed system. In contrast, a potential buildup of
the order of 2 eV exists for the bare system without K. This
is most evident looking at the potential at the L positions.

Two observations can be made: (1) The K-adsorbed
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FIG. 3. Total DOS for (LAO)m(STO)4, m = 1, 2, 3, 4, 5, and
6, with (black line) and without (shaded gray) K adsorption.
The Fermi energy is at 0. The critical thickness at which
the system without K undergoes electronic reconstruction and
becomes conducting is 4 unit layers of LAO. In contrast, the
system with K is conducting at all LAO thicknesses simulated.

system becomes more and more stable relative to the
original system as the number of LAO unit layers is in-
creased. This is a trivial consequence of the increasing
potential buildup across LAO as more LAO layers are
stacked—the greater the potential buildup, the more en-
ergetically unstable the original system becomes, and the
greater the energy reduction when the potential differ-
ence is eliminated by electron transfer from adsorbed K;
(2) For all thicknesses considered, |Ecoh| is of the order
of 2 eV (∼ 23000 degrees Kelvin), a very substantial en-
ergetic stabilization.

Undesired substitutions of K into LAO : Our discus-
sion above argues for K surfactant adsorption as an ef-
fective mechanism for removing the polar catastrophe in
LAO/STO(001) to allow for the growth of clean het-
erostructures. This proposal hinges on K remaining on
the AlO2 surface instead of entering the bulk of the LAO
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FIG. 4. (Color online) Cohesive energy per adsorbed K, de-
fined in Eq. (1), as a function of the thickness of LAO. The
system with adsorbed K becomes more stable as the thick-
ness increases. The cohesive energy is approximately 1 eV
for 1 unit layer of LAO, increasing to over 2 eV as the LAO
thickness is increased.

donates just enough electrons to compensate for the di-
verging potential. Anything beyond that would result in
energetically expensive overcompensation.

The energetic favorability for further K adsorption can
be quantified by calculating the additional cohesive en-
ergy upon adsorption of extra K atoms. In particular, we
take as a reference 4 lateral unit cells of LAO/STO with
2 adsorbed K atoms (1/2 K per unit cell coverage), whose
total energy we denote by EK2[LAO2STO4]4 . We then fur-
ther adsorb 1 or 2 more K atoms onto this system to
attain 3/4 and 1 per unit cell K coverage. We denote the
total energies of these systems by EK3[LAO2STO4]4 and
EK4[LAO2STO4]4 , respectively. The extra cohesive ener-
gies upon adsorption of each additional K is defined as:
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FIG. 5. (Color online) K PDOS near the Fermi energy (E =
0), at three cases of K coverage, for LAO thickness of two
unit layers. The density of conduction electrons retained by
K increases significantly going from 1/2 to 3/4 per unit cell
coverage, and then from 3/4 to 1 per unit cell coverage. Hence,
K adsorption beyond the critical amount needed for the ideal
exact compensation does not result in extra electrons being
transferred to the interface; the extra electrons remain in the
K overlayer.

Ecoh,3/4 = EK3[LAO2STO4]4 − EK2[LAO2STO4]4 − EK ,

Ecoh,4/4 = EK4[LAO2STO4]4 − EK3[LAO2STO4]4 − EK .

We find that |Ecoh,3/4| = 0.39 eV and |Ecoh,4/4| = 0.56
eV. These are to be contrasted with the cohesive energy
per adsorbed K for the first two adsorbed K atoms, which
was calculated to be 1.2 eV (Fig. 4). The cohesive energy
as defined is approximately 0.7-0.8 eV smaller for K atoms
adsorbed beyond the critical 1/2 per unit cell coverage,
i.e. it is much less energetically favorable for extra K
atoms to be adsorbed onto the system. This observation
is critical for preventing any undesired accumulation of K
onto the surface. In particular, the large cohesive energy
difference between K atoms adsorbed up to 1/2 cover-
age and K atoms adsorbed beyond 1/2 coverage suggests
that if the substrate temperature is kept higher than some
critical threshold, the extra K will evaporate off, prevent-
ing a thick layer of K metal from forming on the surface
and hence fundamentally changing the system—the sur-
factant density will stabilize at exactly the density needed
to compensate for the diverging potential.

D. Is potassium a surfactant?

Our proposal to use a K surfactant to stabilize the epi-
taxial growth of LAO/STO(001) hinges on K remaining
on the AlO2 surface instead of entering into LAO by sub-
stitution of La or Al ions. Substitution is highly unlikely
given the large differences in ionic radii between K+ (151
pm), La3+ (116 pm) and Al3+ (54 pm)44. We confirm this
by calculating the total energy change if K exchanges po-
sition with a La or Al ion close to the surface, in a m = 5
film (this is expected to be representative for all m).
Consider first the exchange of K with a La ion in the

top LaO layer. The energy cost per substituted K is found
to be 1.93 eV if K exchanges positions with the La be-
neath it, and 2.27 eV for the other La (cf. Fig. 1). In
a striking display of how energetically unfavorable is the
substitution of K for Al, our relaxation of the substituted
structure resulted in the K pushing its way back above
the rest of the structure. Substitution into deeper layers
of LaO/AlO2 is expected to be just as, if not more, en-
ergetically costly. This proves that the energy cost for K
substitution of La/Al within the bulk of LAO is indeed
very large, and thus that K is a surfactant in this system.

IV. SUMMARY AND DISCUSSIONS

To summarize, we have shown that K adsorbed on the
AlO2 surface of an n-type LAO/STO(001) heterojunc-
tion compensates the diverging electric potential across
LAO by donating its 4s electron to the Ti 3d conduction
band. The compensation is highly efficient, with very
little residual potential buildup across LAO. Also, sub-
stitution of K into layers of LAO by exchange with La or
Al is demonstrated to be extremely unfavorable.
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FIG. 4. (Color online) Cohesive energy per adsorbed K, de-
fined in Eq. (1), as a function of the thickness of LAO. The
system with adsorbed K becomes more stable as the thick-
ness increases. The cohesive energy is approximately 1 eV
for 1 unit layer of LAO, increasing to over 2 eV as the LAO
thickness is increased.

donates just enough electrons to compensate for the di-
verging potential. Anything beyond that would result in
energetically expensive overcompensation.

The energetic favorability for further K adsorption can
be quantified by calculating the additional cohesive en-
ergy upon adsorption of extra K atoms. In particular, we
take as a reference 4 lateral unit cells of LAO/STO with
2 adsorbed K atoms (1/2 K per unit cell coverage), whose
total energy we denote by EK2[LAO2STO4]4 . We then fur-
ther adsorb 1 or 2 more K atoms onto this system to
attain 3/4 and 1 per unit cell K coverage. We denote the
total energies of these systems by EK3[LAO2STO4]4 and
EK4[LAO2STO4]4 , respectively. The extra cohesive ener-
gies upon adsorption of each additional K is defined as:
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FIG. 5. (Color online) K PDOS near the Fermi energy (E =
0), at three cases of K coverage, for LAO thickness of two
unit layers. The density of conduction electrons retained by
K increases significantly going from 1/2 to 3/4 per unit cell
coverage, and then from 3/4 to 1 per unit cell coverage. Hence,
K adsorption beyond the critical amount needed for the ideal
exact compensation does not result in extra electrons being
transferred to the interface; the extra electrons remain in the
K overlayer.

Ecoh,3/4 = EK3[LAO2STO4]4 − EK2[LAO2STO4]4 − EK ,

Ecoh,4/4 = EK4[LAO2STO4]4 − EK3[LAO2STO4]4 − EK .

We find that |Ecoh,3/4| = 0.39 eV and |Ecoh,4/4| = 0.56
eV. These are to be contrasted with the cohesive energy
per adsorbed K for the first two adsorbed K atoms, which
was calculated to be 1.2 eV (Fig. 4). The cohesive energy
as defined is approximately 0.7-0.8 eV smaller for K atoms
adsorbed beyond the critical 1/2 per unit cell coverage,
i.e. it is much less energetically favorable for extra K
atoms to be adsorbed onto the system. This observation
is critical for preventing any undesired accumulation of K
onto the surface. In particular, the large cohesive energy
difference between K atoms adsorbed up to 1/2 cover-
age and K atoms adsorbed beyond 1/2 coverage suggests
that if the substrate temperature is kept higher than some
critical threshold, the extra K will evaporate off, prevent-
ing a thick layer of K metal from forming on the surface
and hence fundamentally changing the system—the sur-
factant density will stabilize at exactly the density needed
to compensate for the diverging potential.

D. Is potassium a surfactant?

Our proposal to use a K surfactant to stabilize the epi-
taxial growth of LAO/STO(001) hinges on K remaining
on the AlO2 surface instead of entering into LAO by sub-
stitution of La or Al ions. Substitution is highly unlikely
given the large differences in ionic radii between K+ (151
pm), La3+ (116 pm) and Al3+ (54 pm)44. We confirm this
by calculating the total energy change if K exchanges po-
sition with a La or Al ion close to the surface, in a m = 5
film (this is expected to be representative for all m).
Consider first the exchange of K with a La ion in the

top LaO layer. The energy cost per substituted K is found
to be 1.93 eV if K exchanges positions with the La be-
neath it, and 2.27 eV for the other La (cf. Fig. 1). In
a striking display of how energetically unfavorable is the
substitution of K for Al, our relaxation of the substituted
structure resulted in the K pushing its way back above
the rest of the structure. Substitution into deeper layers
of LaO/AlO2 is expected to be just as, if not more, en-
ergetically costly. This proves that the energy cost for K
substitution of La/Al within the bulk of LAO is indeed
very large, and thus that K is a surfactant in this system.

IV. SUMMARY AND DISCUSSIONS

To summarize, we have shown that K adsorbed on the
AlO2 surface of an n-type LAO/STO(001) heterojunc-
tion compensates the diverging electric potential across
LAO by donating its 4s electron to the Ti 3d conduction
band. The compensation is highly efficient, with very
little residual potential buildup across LAO. Also, sub-
stitution of K into layers of LAO by exchange with La or
Al is demonstrated to be extremely unfavorable.

3

In an effort to explain why no residual potential is
actually observed experimentally, Ref. 42 simulated the
placement of metallic overlayers on top of LAO/STO af-
ter growth; this has subsequently been done with Co.43

The main conclusion was that the presence of metallic
contacts used for measurements explains why residual po-
tential is absent in experiment. One might consider these
results of Ref. 42 as another way to remove the potential
buildup. However, in this case the top layer is metallic
and separating its conductivity from that of the q-2DEG
is difficult. This is not an issue for our proposal, where
the K surfactant layer is insulating after donating its elec-
trons to the interface. More importantly, since the metal
capping is done after growth, the tendency for defects
and vacancies to form during growth is not mitigated. In
contrast, as we argue below, the crystal grows underneath
the K surfactant layer free of such defects.
It has been shown that in the absence of O vacancies

or other defects, the onset of electronic reconstruction is
delayed through formation of polar distortions within the
LaO layers,8 which create internal compensating dipoles
that screen the electric potential. Below a critical thick-
ness of 4-5 unit LAO layers, this suffices to partially
compensate the polar potential. In thicker films with
larger potential buildup, the compensation requires elec-
tronic reconstruction, which in turn removes the need for
these polar distortions. It is thus worthwhile to consider
whether a critical thickness, for similar reasons, exists for
the transfer of the K 4s electron to the Ti 3d bands.
Fig. 3 shows DOS for 1 ≤ m ≤ 6, with and without

adsorbed K. The critical thickness at which the system
without K becomes conducting is confirmed to be of 4
LAO unit layers, see Fig. 3(d). In contrast, the system
with adsorbed K is metallic for all thicknesses: even at
one unit layer of LAO, where the potential across the film
is smallest, K gives up its 4s electron to the Ti 3d bands
and the polar distortions within LAO are eliminated.

B. Cohesive energies

Figures 2 and 3 show that K adsorption negates the
polar catastrophe and stabilizes the LAO/STO hetero-
junction. The energetic stability can be quantified by
calculating the cohesive energy Ecoh(m):

Ecoh(m) = EKadsLAOmSTO4 − ELAOmSTO4 − EK , (1)

where m is the number of unit layers of LAO,
EKadsLAOmSTO4 is the total energy of the system with
K adsorption, ELAOmSTO4 is the total energy of the sys-
tem without K adsorption (using the same size of lateral
unit cell), and EK is the energy per atom of metallic K
(body-centered cubic). Thus Ecoh is the cohesive energy
per adsorbed K with respect to metallic K. It is plotted
as a function of m in Fig. 4.
Two observations can be made: (1) The K-adsorbed

system becomes more stable relative to the original sys-
tem as the number of LAO unit layers is increased. This is
a trivial consequence of the potential buildup across LAO
increasing with m—the greater the potential buildup, the
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FIG. 3. Total DOS for (LAO)m(STO)4, m = 1 − 6, with
(black line) and without (shaded gray) K adsorption. The
Fermi energy is at 0. The scale is the same for all panels. The
critical thickness at which the system without K undergoes
electronic reconstruction and becomes conducting is 4 unit
layers of LAO. In contrast, the system with K is conducting
at all LAO thicknesses simulated.

greater the energy reduction when it is eliminated by elec-
tron transfer from adsorbed K; and (2) for the thicknesses
considered, |Ecoh| ranges from 1 eV to over 2 eV, which
is a very substantial energetic stabilization.

C. Potassium coverage beyond 1/2 per unit cell

We also consider what happens if more potassium is
adsorbed than the minimum of 1/2 per unit cell needed
for compensation of the polar problem. In Fig. 5, we plot
the K projected densities of states (PDOS) near EF at
three values of K coverage: the optimal value of 1/2 per
unit cell, as well as 3/4 and 1 per unit cell, respectively.
The thickness of the LAO layer is m = 2.
For the latter two coverages, Fig. 5 shows that although

the K overlayer now has enough electrons to transfer more
than 1/2 electron per unit cell to the interface, the extra
electrons are retained in the K overlayer for the cover-
ages beyond 1/2 K per unit cell. This confirms that K
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Figure 1: Ti PDOS near the Fermi energy, at three cases of K coverage, for LAO thickness of two

unit layers. The density of conduction electrons in Ti remains the same for all three cases. This

indicates that K adsorption beyond the critical amount needed for the ideal exact compensation

does not result in extra electrons being transferred to the interface. Electron donation beyond what

is needed would be overcompensation.

onto the surface. In particular, the large cohesive energy difference between K atoms

adsorbed up to 1/2 coverage and K atoms adsorbed beyond 1/2 coverage suggests that

if the substrate temperature is kept higher than some critical threshold, then any extra

K will evaporate off. This would prevent a thick layer of K metal from forming on the

surface and hence fundamentally changing the system.

2 Projected densities of states at different LAO thicknesses

In Fig. 3 of the Letter, we plotted the total DOS for the system, both with and without K, for LAO

thicknesses m = 1, 2, 3, 4, 5, and 6. In Fig. 2 below we show the corresponding projected DOS onto

Ti, O, and surface K (for the case with K adsorption). As expected, we find that the conduction

band is of mostly Ti (3d) character. The main message of Fig. 3 in the Letter is retained: in the

case without K adsorption, the Ti 3d conduction band moves to lower energy as the LAO thickness

increases. It eventually crosses the Fermi energy (referenced at 0) to form the interface conducting

electron gas at a critical thickness near m = 4. In contrast, the case with K stays mostly the same

for all LAO thicknesses as a result of K donating its 4s electron and compensating for the polar

problem starting from one unit layer of LAO.
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