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We investigate the effect of LaTiO3 insertion at the interface between LaAlO3 and TiO2 termi-
nated {100} SrTiO3, for a series of LaAlO3 and LaTiO3 thicknesses. A clear increase of the carrier
density was observed while the Hall mobility was largely unchanged. In structures with LaAlO3

thickness ∼ 3 unit cells, close to the critical thickness for conductivity, as little as 0.25 unit cells
of LaTiO3 drives an insulator-to-metal transition. These samples show a strong dependence of the
conductivity on voltage with electrostatic back-gating, which can be understood in a two-carrier
picture, and dominated by the change in carrier density at the interface.

The LaAlO3/SrTiO3 (LAO/STO) conducting inter-
face is generating intense interest because of the
highly mobile electrons present within a nanoscale
thickness in the STO.[1] At the interface two-
dimensional (2D) superconductivity,[2] 2D Shubnikov-de
Haas oscillations,[3, 4] and magnetism,[5–7] have all been
observed. Although the relative contributions of oxygen
vacancies,[8–10] interdiffused dopants,[11] and the polar
discontinuity (PD),[1, 12–15] to these properties are still
being debated, an intriguing aspect of the PD model is
the possibility of modulation doping the STO, leading to
relatively high Hall mobility due to the absence of scat-
tering from ionized dopants.

This system is particularly interesting since close to
the critical thickness of LAO required for conductivity
[∼ 3 unit cells (uc)], a back gate voltage applied on the
STO can induce conductivity in an as-grown insulating
sample at room temperature.[13] Back gating strategies
have been used to tune the 2D superconductivity at low
temperatures.[16] A disadvantage of gating is that the
sheet carrier density n2D is not modulated independently
of the Hall mobility µ.[17] In order to fully explore the
phase diagram of the LAO/STO system, other techniques
to control n2D are needed. Chemically doped STO layers,
inserted between the LAO and undoped STO substrate,
have been utilized to achieve this aim.[18–20]

In the context of these open questions, the
LAO/LaTiO3(LTO)/STO heterostructure is notable for
several reasons. Given the stacking structure of ABO3

in the {100} planes, two independent interfaces can be
defined, corresponding to the positions at which the
chemical make-up of the AO and BO2 planes switch, as
sketched in Fig. 1(a). The inserted LTO layer(s) spatially
separates these A-site and B-site interfaces in a struc-
turally clean manner, exploiting the close lattice match
to STO. Simultaneously LTO can provide carrier modu-
lation without placing dopant ions at the interface, since
it contains a high density of electrons: for each layer
of LTO, there exists a potential sheet carrier density of

6.5× 1014 cm−2 per lateral unit cell (uc). Usually these
electrons are localized in a Mott insulating state,[21] how-
ever it has been shown that high µ conduction can be gen-
erated if these electrons are released into a STO host.[22–
25] Here we investigate the use of LTO inserted at the
LAO/STO interface to modulate the critical thickness,
n2D and µ.

All samples, with the structure sketched in the inset of
Fig. 1(b), were prepared by pulsed laser deposition using
a KrF excimer laser, grown on STO {100} substrates with
a TiO2 terminated surface. The substrates were prean-
nealed at 1223 K for 30 mins in an oxygen environment of
0.67 mPa. Following this anneal, the substrate temper-
ature was reduced to 1023 K for LTO film growth, in a
relatively low oxygen pressure PO2 = 0.133 mPa to avoid
formation of the La2Ti2O7 phase.[22, 23] The laser beam
was imaged to form a spot of area A = 3.3× 1.8 mm2 on
a polycrystalline La2Ti2O7 target using an afocal zoom
stage; the total laser energy E = 26 mJ, with a repetition
rate r of 4 Hz. The LTO thickness, y, was varied in the
range 0.25 ≤ y ≤ 4 uc, and controlled using in-situ re-
flection high-energy electron diffraction (RHEED). Clear
RHEED intensity oscillations were observed for all sam-
ples with y ≥ 1 uc. The growth rates were ∼40 pulses/uc.
For y < 1 uc, the thickness was controlled by laser pulse
count, as calibrated from thicker samples.

After the growth of the LTO, the LAO was grown
at 1073 K using a single crystal target, with PO2 =
1.33 mPa, A = 2.3 × 1.3 mm2, E = 20 mJ, and
r = 2 Hz. The LAO thickness, x, was fixed at x =
0, 1, 2, 3, 10 uc using RHEED oscillations, giving a growth
rate of ∼45 pulses/uc. The samples were cooled to room
temperature at PO2 = 4× 104 Pa, with a one-hour pause
at 873 K.[13] LAO (x uc)/LTO (y uc)/STO samples,
denoted by (x, y) hereafter, were electrically contacted
via ultrasonic wirebonding with aluminum wires, in a
six-probe Hall bar configuration with voltage contacts
∼1 mm apart. All measurements were made with the
sample normal parallel to the applied magnetic field.
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FIG. 1: (color online) (a) Schematic offset between the A-site
interface (La→Sr) and the B-site (Al→Ti) due to the LTO in-
sertion. (b) Temperature dependence of the sheet resistance
and (c) the sheet carrier density and Hall mobility for rep-
resentative samples with a LAO thickness of 3 uc, (3, y), at
T = 2 K. The inset of (b) shows a schematic of the structure
of the samples. Data for LAO (10 uc)/STO from Ref. [17]
are also plotted at y = 0 in (c) for reference. Lines in (c) are
guides.

The sample (3, 0) showed insulating behavior, while
(10, 0) showed metallic behavior in agreement with the
critical thickness previously reported.[13] All samples of
the form (10, y) and (3, y) were also metallic for y ≥ 0.25.
Focusing on the (3, y) series, the temperature dependence
of the sheet resistances are shown in Fig. 1(b) for typi-
cal samples (3, 0.25), (3, 0.5), (3, 1) and (3, 3). All show
a monotonically decreasing sheet resistance RS with a
residual sheet resistance of ∼ 100 Ω/sq. at a temperature
T = 2 K. In the Hall resistance data, clear non-linearity
was observed for all samples at low temperatures and
magnetic fields up to µ0H = 8 T. In the case of the
(3, 0.25) sample, for example, the Hall co-efficient around
1 T (8 T) was −12.1 (−10.2) ΩT−1. This non-linearity
could be well fitted using a two-carrier model, con-
strained by the total sheet conductivity, where two paral-
lel carrier layers with different sheet carrier densities and
Hall mobilities are assumed, due to the spatial variation
of the carrier density in the depth direction.[17, 23, 26]

The non-linear Hall effect fits give rise to layers with
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FIG. 2: (color online) Conductivity variation with different
LAO and LTO thicknesses. Circles represent metallic con-
ductivity, and crosses insulating behavior. Observed phase
boundary is indicated with a solid line. Dashed line shows
the predicted phase boundary x + y ∼ 3 uc if the LTO is
assumed to behave as a simple polar stack.

relatively high (low) sheet carrier density n1 (n2) and
low (high) Hall mobility µ1 (µ2), representing carriers
close to (far from) the interface, where scattering is rela-
tively strong (weak), as shown in the inset of Fig. 3.[23]
Fig. 1(c) shows the y dependence of the total sheet carrier
density ntot = n1+n2, and averaged Hall mobility µave =
(µ1n1 + µ2n2)/(n1 + n2) extracted from the two-carrier
fit of the Hall resistance vs. H at T = 2 K, together with
the n2 and µ2 components. Clearly ntot rises rapidly at
small y, reaching values of ntot =1.3× 1014 cm−2, before
saturating above y = 0.5 uc. For x ≤ 2 uc, the samples
were insulating independent of y. The character of the
different (x, y) samples is summarized in Fig. 2.

Combining these data, we can make important conclu-
sions about the role of the LTO and LAO layers in con-
trolling the interface conductivity. Firstly, we can con-
sider LTO simply as a polar layer akin to LAO in the PD
scenario, since the {100} planes of LTO can be considered

as alternating layers of
(
La3+O2−)+ and

(
Ti3+O4−

2

)−
in

the ionic limit. However this picture can be ruled out,
since we would expect that conductivity is observed for
x+ y ≳ 3 uc, leading to a phase boundary shown by the
dotted line in Fig. 2, in disagreement with the data. In-
stead we can consider LTO acting as a dopant layer due
to the constituent Ti3+ ions, which form 3d1 electrons
that can migrate into the empty 3d0 orbitals in the STO.
It is clear that the saturation of ntot with increasing y is
inconsistent with a full electron per unit cell of LTO be-
ing released into the STO, given by 6.5× 1014 cm−2 per
uc, although ntot is significantly higher than for typical
LAO/STO samples without LTO.

When comparing the free carrier density with the nom-
inal dopant value, related LTO/STO systems show a
range of behaviors from significant reductions to densities
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FIG. 3: (color online) VG dependence of the sheet carrier
density and Hall mobility of the sample (3,0.25) extracted
from a two-carrier fit at T = 2 K. Dashed gray line shows the
slope expected from the capacitance between the interface and
gate contact; other lines are guides. Inset shows the schematic
carrier distribution at the interface in the two-carrier model.
z-axis points in the STO substrate direction.

of ∼ 1014 cm−2.[22–25] In our case n2D is at the larger
end of that range, with moderate µ. This may suggest
that the LAO is also playing a role in determining the
electron distribution in the STO. A simple interpreta-
tion is that the large conduction band offset between the
STO and LAO, and the confining potential associated
with the conducting interface produces a spatially more
confined three dimensional carrier distribution in the di-
rection perpendicular to the interface, n3D(z). This en-
hances electron overlap, which in a Mott criterion picture
leads to less electron localization, and more activated car-
riers, as observed. Thus both the LTO and LAO layers
may help to achieve these larger carrier densities, while
maintaining mobilities > 300 cm2/V s at T = 2 K. The
observed ratio n2/n1 ∼ 10−2, significantly smaller than
observed in other LTO/STO heterostructures,[23, 25] can
be understood as a consequence of the suppressed Hall
mobility of the dense carriers close to the interface.

Next we investigated the effect of the LTO insertion
on the field-effect response using a gate contact on the
back side of the STO substrate. The gate voltage VG de-
pendences of the sheet carrier density and Hall mobility
for a (3, 0.25) sample are shown in Fig. 3, with qual-
itatively similar results obtained for (3, 0.5) and (3, 1).
Similar to previous results,[17] the Hall non-linearity
was only observed for positive gate voltages, thus for
VG < 0 V, n1 = ntot. For this (3, 0.25) sample, ntot =
4.9× 1013 cm−2 at VG = 0 V could be suppressed down
to 2.4× 1013 cm−2 at VG = −100 V, in good agreement
with the value expected from a simple capacitor model
employing a STO dielectric constant εSTO = 20000, and
substrate thickness 0.5 mm, as depicted as a dashed gray
line in Fig. 3. For VG > 0 both n1 and n2 increased,
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FIG. 4: (color online) Hall mobility vs. sheet carrier density
achieved by back-gating several LAO/LTO/STO heterostruc-
tures at T = 2 K. Arrows for each data set correspond to the
direction of increasing VG from −100 V to +100 V. Lines are
a guide. Inset shows schematic electron distribution along
depth direction in STO, z, for various VG

suggesting spreading of the carrier distribution into the
depth of the substrate, where the Hall mobility is rela-
tively enhanced. Interestingly, as shown in Fig. 4, the
slope dµ/dn2D for a previously studied LAO/STO sam-
ple is significantly larger than for the (3, 0.25) sample.

To understand these results, we note several important
differences between samples with and without LTO. For
LAO/STO, it is reasonable to assume that the confin-
ing electric field E is determined self-consistently by the
interfacial carrier density.[27] In the regime of a dense
electron gas at the interface, a triangular potential well
is a relatively good approximation, leading to an estimate
of E ∼ 1.2 × 105 V/m for n2D = 2 × 1013 cm−2.[17] On
the other hand in the case of the LAO/LTO/STO sys-
tems, extra electrons from the LTO are introduced in the
potential well, resulting in a much larger electric field at
the interface. These electrons fill up to higher quantized
eigenstates in the z direction. One can then expect pop-
ulation or depopulation of electron gas via back gate can
be achieved with a relatively smaller change in E. Upon
reducing the positive electric field, the change in carrier
distribution n2/n1 can be understood by considering the
relatively large loss from the higher index eigenfunctions,
having a peak in carrier density further from the inter-
face, resulting in a significant decrease in n2.

Finally we note that this ability to enhance the
confined carrier density in the region of 1014 cm−2

may have important applications in the study of ro-
bust two-dimensional superconductivity in the ultra-thin
limit, concomitant with signatures of Rashba spin-orbit
coupling[28, 29] and magnetic order, also observed at
high carrier density in other STO systems.[30] Indeed
a priori the spin character of the electrons donated by
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the LTO layer is unclear,[31] providing further degrees of
freedom at this fascinating interface.
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