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In this Letter, we show that a superconducting two-dimensional electron gas is formed at the
LaTiO;/SrTiO; interface whose transition temperature can be modulated by a back-gate voltage. The
gas consists of two types of carriers: a majority of low-mobility carriers always present, and a few high-
mobility ones that can be injected by electrostatic doping. The calculation of the electron spatial
distribution in the confinement potential shows that the high-mobility electrons responsible for super-
conductivity set at the edge of the gas whose extension can be tuned by the field effect.
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Oxide-based heterostructures appear as serious chal-
lengers for future electronics as they offer a great variety
of electronic orders suitable to achieve new functionalities
[1,2]. A key issue for oxide electronics to emerge is the
ability to tune these properties with an electric field. The
discovery of a high-mobility two-dimensional electron gas
(2DEG) in oxide heterostructures is a milestone on this
road [3]. SrTiOs-based structures attracted much attention
in this context, since (i) large mobility can be obtained;
(i) their complex phase diagram includes various
electronic orders such as superconductivity [4-6] and mag-
netism [7-9]; and (iii) their carrier density can be electro-
statically modulated [10,11]. However, the electrostatic
control of the 2DEG properties is not fully understood
yet. Here we show that superconductivity at the
LaTiO;/SrTiO; interface can be turned on and controlled
by injection of a few highly mobile electrons.

The LaTiO;/SrTiO; perovskite heterostructure is par-
ticularly interesting in the context of SrTiO;-based inter-
faces since it is made of TiO, planes as building blocks,
where the Ti atoms can have multiple valence values.
SrTiO; is a well known band insulator with a 3.2 eV
band gap with Ti atoms in the 3d° (4") configuration. On
the other hand, LaTiOj is an antiferromagnetic Mott insu-
lator with Ti atoms in the 3d' (3%) configuration.
Therefore, when a thin layer of LaTiO; is epitaxially
grown on a TiO, terminated SrTiO; substrate, half an
electron per unit cell is available to form a 2DEG confined
at the interface, as confirmed by band structure calculations
[12]. We have shown recently that the electron gas extends
a few unit cells in the SrTiO5 layer and undergoes a super-
conducting transition at low temperature (~ 200 mK) [5].
In this Letter, we investigate the phase diagram of
LaTiO;3/SrTiO; interfaces by electronic transport
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measurements at low temperature (20 mK) and high field
(45 T) as a function of a back-gate voltage. LaTiO5 epi-
taxial layers were grown on (100) SrTiO; single crystals
using pulsed laser deposition as described in Ref. [5].
Samples are cut in rectangular shapes along the two or-
thogonal in plane directions, hereafter referred as XX and
YY. A metallic titanium layer was deposited at the rear of
the 0.5 mm thick SrTiO; substrate to form an electrostatic
back gate. After the sample is cooled down, the gate
voltage V; is ramped up to +200 V. This procedure
insures that all voltage sweeps made subsequently are
reversible and reproducible.

Figures 1(a) and 1(b) display the sheet resistance Rg of a
15 unit cell thick sample (sample A) as a function of
temperature for different values of the gate voltage V.
The normal state resistance, its temperature dependence,
and the superconducting critical temperature 7. strongly
depend on V. A superconducting to insulator transition
takes place as carriers are removed from the 2DEG. T, has
a maximum of ~200 mK when adding electrons, and is
suppressed when the gate voltage becomes negative. This
suppression is correlated to a singular behaviour of the
normal resistance near V; = 0 [Fig. 1(c)], indicating that
the gate voltage not only controls the carrier density, but
also modifies deeply the electronic properties of the 2DEG.

The Hall resistance Ry,; was measured at low magnetic
field (B <5 T) as a function of gate voltage. The apparent
Hall electron density ny,; = B/eRy,;, which ranges from
3 to 5% 10'3 cm™2, starts rising from V5 = —200 V as
expected for negative carriers, but drops surprisingly for
positive gate voltage [Fig. 2(b)]. The mobility py,; =
1/enya Ry is constant for V; < 0, and then rises abruptly
for V; > 0 [Fig. 2(c), purple squares]. Measurements per-
formed at a higher magnetic field (45 T) reveal that the Hall

© 2012 American Physical Society
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FIG. 1 (color online). Superconducting
transition as a function of gate voltage

for sample A (XX direction). (a) Sheet
resistance of sample A in color scale as a
function of temperature and gate voltage
from —50 V to +200 V; the supercon-
ducting transition temperature (defined
as a 15% drop in sheet resistance) is
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resistance is linear only for negative Vi, and not for
positive Vi [Fig. 2(a)]. In the latter case, two distinct
slopes are evidenced at low and high fields, respectively,
suggesting a multiband transport scenario. In Fig. 2(a), the
Hall resistance at high magnetic field has been fitted with a
two-band model:
nipt nu3
oo _B e T T
Hall — 7 2 2 ’
e [_nM napy 2 niuB n, 5B
1+,u,%B2 + 1+,LL§BZ:| + [1+M%B2 + 1+,u%BZ:|

)

where n; and n, are the 2D electron densities, and
and wu, the corresponding mobilities, with the constraint
1/R,=en,u,+enyum,. As reported in Figs. 2(b) and 2(c),
low and constant mobility u; carriers (hereafter referred as
LMC) are present for all gate biases, whereas a few highly
mobile electrons (hereafter referred to as HMC) with a
mobility w, increasing linearly with bias, show up for
positive V; only, as also observed by Kim et al. [13]. As
expected for electrostatic doping, the total number of
carriers My, = n; + n, rises monotonically with Vg
(from 3 to 7 X 103 cm™2).

Such gate voltage dependent behaviour has been mea-
sured in all our samples, as for example the one reported in
Fig. 3 (sample B), whose total carrier density is slightly
higher (from 6 to 10 X 10'3 cm~2). The dependence of
Nl With Vi has been confirmed by measuring the ca-
pacitance C(V;) between the back gate and the 2DEG and
integrating it over the voltage range to obtain the electro-
static sheet carrier density

Ve

ns(Ve) = ng(Ve = —200 V) + - f cwviav, @
eA 00

-2
where A is the area of the capacitor. As shown in Fig. 3(a),
ng superimposes perfectly on ny,; at negative voltage, as
expected since there is only one type of carrier. At positive

50 100 150 200

voltage, it matches n., extracted from the two-band
model analysis of high-field measurements. The sigmoid
shape of the total number of carriers at low temperature is
characteristic of the dielectric constant €z of the SrTiO;
substrate, which is highly nonlinear and strongly tempera-
ture dependent below ~50 K as SrTiO; undergoes a tran-
sition to a quantum paraelectric phase [14,15]. At higher
temperatures, C(V;) is constant, the total number of car-
riers rises linearly with V; and equals the Hall number of
carriers in the entire voltage range (1, = Mpay), indicat-
ing that no HMC are present in the 2DEG. As seen in
Fig. 3(b), the mobility is also constant at this temperature,
with the same value as the one measured at low tempera-
ture and negative V. When lowering the temperature
below 50 K, the low-field Hall mobility rises up by more
than an order of magnitude at V; = 200 V, and the low-
field Hall carrier density departs from the integrated ca-
pacitance measurements for V; > 0 only. This is a strong
indication that the two-band scenario is intrinsically re-
lated to the nonlinear variation of the SrTiO; dielectric
constant € in the quantum paraelectric regime.

To model the 2DEG properties, we have solved
the coupled Schrodinger and Poisson equations self
consistently, taking into account the dependence of ey
with Vi and the continuity of the potential in the whole
sample. Indeed, the gate voltage not only controls the total
number of carriers in the 2DEG, but also the profile of the
conduction band in the substrate. As opposed to previous
calculations [16—18], we do not use a wedge-shape poten-
tial to model the confining potential of the 2DEG at the
interface, since it cannot provide a continuous solution
with the bulk band bending. Details of the calculations
are given in Part III of the Supplemental Material [19]. The
self consistent potential profile, as depicted for different
Vi in Figs. 4(a)—4(c) for sample A, is made of a deep
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FIG. 2 (color online). Hall effect and two carrier analysis.
(a) Hall resistance as a function of magnetic field for different
gate voltages measured at 4.2 K on sample A (YY direction).
Open symbols correspond to experimental data, and full lines to
fits with Eq. (1). An offset, indicated by a black horizontal
segment and an arrow, has been added to separate the curves.
(b) Sheet resistance (left scale) and carrier density (right scale)
extracted from Eq. (1) as a function of gate voltage measured at
42 K. n; (ny) corresponds to LMC (HMC), ny, to the total
density of carriers and np,; to the low-field Hall number.
(c) Mobilities wq, o, and py,, corresponding to LMC, HMC,
and the low-field Hall number extracted from Eq. (1).

potential well of typical width 2 nm, which accommodates
a few subbands located in the vicinity of the interface (see
Part Vof the Supplemental Material [19] for sample B). For
positive gate voltage, higher subbands filled up to the top of
the conduction band profile extend up to 7 nm within the
SrTiO; substrate. The corresponding carrier density pro-
files show a dominant contribution of carriers located at
the interface, with a pronounced 2D character and there-
fore more subject to localization, which we assign to
the LMC observed experimentally, and a minor contribu-
tion of more delocalized carriers at positive Vg, corre-
sponding to the HMC. The extension of the gas reported
in Fig. 4(d) is consistent with experimental results obtained
on SrTiO5-based interfaces [4,5,17,20]. It increases signif-
icantly for V; > 0, as does the measured HMC density.
The origin of this peculiar behavior is deeply related to
variations in the SrTiO; dielectric constant €p, which is
highly electric field dependent at low temperature, and
therefore changes locally within the heterostructure. As
reported in Figs. 4(a)-4(c), the potential well is deep at
the interface, and the corresponding electric field so high
that er decreases to its lower value whatever the gate
voltage is, leading to a strong confinement of the gas.
For V; <0, the band bending reinforces this feature. For
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FIG. 3 (color online). Evolution of carrier density and mobility
as a function of gate voltage and temperature. (a) Low-field (5 T)
Hall number of carriers (full lines) and total number of carriers
extracted from capacitance measurements (open symbols) as a
function of gate voltage measured at different temperatures on
sample B. Total number (squares) and low-field Hall number
(triangles) extracted from the two carrier analysis of high-field
experiments (45 T) are superimposed to the other curves, show-
ing a very good agreement. (b) Hall mobility corresponding to
low-field measurements as a function of gate voltage at the same
temperatures. Beyond 60 K, that is, when the nonlinearity of €p
strongly decreases, ng and py,; recover regular behavior with
the gate voltage, that is, a rather constant mobility and a linear
increase of the carriers concentration expected for a single
carrier fluid.

Vs > 0, the edge of the well becomes shallower, the local
electric field smaller, and €y starts rising towards the bulk,
enhancing the deconfinement of the carriers. Their mobility
gradually increases as the positive voltage is raised because
the 2DEG extends away from the interface where the scat-
tering is stronger [21] and anisotropic [22] (see Part II of the
Supplemental Material [19]). This mechanism does not
apply at high temperature when €, becomes field indepen-
dent, and the LMC are solely observed above 60 K, as
reported here (see Fig. 3). According to our model, the
gate voltage not only controls the carrier density, but also
the 2DEG spatial extension and its transport properties.
The vicinity of V; = 0 appears to be a turning point
beyond which, for positive bias, mobile carriers are injected
away from the interface. As can be seen in Fig. 4(d),
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FIG. 4 (color online). Subband filling calculation in the inter-
face potential well. (a—c) SrTiO; band bending calculation for
three different gate voltages (— 200 V, 0 V, +200 V) obtained
with the experimental sheet carrier densities of Fig. 2(c). The
figure displays the conduction band profile E. (black), the Fermi
energy Er (green dashed), the subband energies (red), and the
carrier density n (deep blue, left scale) as a function of depth z
from the interface. The dielectric constant € as a function of z is
drawn on a log scale from 260 to 26000 (see Fig. 4 of the
Supplemental Material [19] for the precise scale). The square
modulus of the envelope function of the first and last filled
subbands is indicated in arbitrary units (red areas). Inset: conduc-
tion band profile E. at larger scale (0-100 nm) for the three
different gate voltages. (d) 2DEG extension from the interface
taken as the crossing point of E. and Er (left scale) and carrier
density n, of HMC (right scale) as a function of gate voltage. The
superconducting transition temperature as measured in Fig. 1(c) is
superimposed with the same scale, as a reminder.

superconductivity is intimately related to the appearance of
the HMC and their deconfinement within the SrTiO;
substrate.

At first sight, the dome shape of T as a function of gate
voltage observed at the LaTiO5/SrTiO; interface may look
like the bulk doped SrTiOs; one [23]. However, the 3D
carrier concentration at the interface [Figs. 4(a)—4(c)], even
for the most negative gate bias, always reaches the range
where bulk superconductivity is observed (i.e., from 10!
to 5 X 10%° cm™3), whereas our samples are superconduct-
ing only when HMC are present. There is clearly some-
thing specific to the interface and to the carrier distribution
profile. We can rule out a dimensionality driven transition,
since the Fermi wavelength of the 2DEG is always larger
than the gas expansion according to our model: the system
remains 2D in the whole gate voltage range explored here.
On the other hand, we see in Fig. 4(c) that as the gas
extends within the substrate, i.e., at positive Vs, €r ap-
proaches the bulk SrTiO; value in the region where HMC
set. Therefore, in this region, the situation could be similar
to the one of bulk doped SrTiO;, with a finite carrier

concentration in SrTiO; of high dielectric constant. The
mechanism of superconductivity in SrTiOj; is still under
debate, but most of the theoretical models [24-26] take
into account the polar properties of SrTiO; and its corre-
lated peculiar dielectric constant to explain the supercon-
ducting properties and the dome-shaped phase diagram.
Along these lines, superconductivity would appear at posi-
tive gate voltage in our LaTiO;/SrTiO; heterostructures
because the gas extends rather deep in the SrTiO; sub-
strate, and 7, would decrease at high voltage as it does in
bulk material. In that scenario, a full microscopic calcu-
lation of 7T, with varying €y is needed, which is not
available yet to compare with. Our data also point toward
another key ingredient in the problem, the strong scattering
at the interface. It is well known that disorder suppresses
superconductivity through the enhancement of localization
and electron-electron interactions (see, for instance, [27]).
This may explain why for negative gate voltages, when
only LMC are present at the interface, the 2DEG no longer
displays superconductivity. On the other hand, supercon-
ductivity is rapidly restored as soon as HMC are injected.
Even if this situation looks like a regular disorder-driven
superconductor to insulator transition [28], the presence of
two fluids spatially separated as depicted here is a unique
situation, which has not yet been described theoretically.

Multiple carrier behavior has been reported in
LaTiO;/SrTiO; heterostructures [13,29]. The complex
band structure of doped bulk SrTiO; [30] is a natural
source of multicarrier transport properties. Moreover, elec-
tronic reconstruction calculations at LaTiO5/SrTiO; inter-
faces clearly show that the band structure evolves within a
few unit cells from the interface: the weight of Ti 3d,,
orbitals with a strong 2D character decays over 1 or 2 unit
cells [12,31,32]. In this case, LMC and HMC would refer
to carriers belonging to different subbands spatially dis-
tinct on a very short scale, less than a nanometer, which is
5 to 10 times shorter than our estimation for the HMC
deconfinement. Other SrTiO;-based heterostructures also
display multicarrier transport properties [16,21,33] and
deconfined HMC on the 5-10 nm scale [20], whereas
calculations also point toward short scale (1 to 2 unit cells)
electronic reconstruction [34]. Therefore, the occurrence
of deconfined HMC, whose properties do not strongly
depend on the details of the surface reconstruction, is a
rather general feature of SrTiOs-based heterostructures or
even SrTiOj5 surfaces [35] and the two types of carriers are
not simply related to bulk doped SrTiO; multibands.
Moreover, when electrostatic doping is used, HMC appear
at positive gate voltages in most systems [13,16], in line
with the model we present in this article.

In summary, superconductivity in LaTiO3/SrTiO; inter-
faces can be modulated with a back-gate voltage. In that
case, we show that superconductivity is strongly correlated
to the injection of highly mobile carriers at the edge of the
2DEG, whose extension increases rapidly with positive
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gate voltage, because of the conduction band bending of
SrTiO;5. This sheds new light on the phase diagram of the
2DEG at LaTiO;/SrTiO; interface, and more generally on
the other SrTiOs-based interfaces, since the gate voltage
appears not only as a way of tuning the carrier density, but
also the geometry of the gas. Clearly, the 2DEG transport
properties appear as a combination of those of carriers
rather “deep” (a few nanometers) in bulk SrTiO;, and
those of carriers next to the interface, and therefore more
sensitive to the details of the surface and/or electronic
reconstructions [36]. That may explain why, if the overall
picture among the different systems looks similar, striking
differences can occur, such as the observation of magne-
tism by transport measurements in LaAlO;/SrTiO; inter-
faces [7,9] in contrast to LaTiO;/SrTiO; ones. The
occurrence of different electronic orders (superconductiv-
ity, ferromagnetism, antiferromagnetism, etc.), their inter-
actions and/or competitions, together with the transition to
an insulating state may depend on the carrier density and
on the gas extension tuned by the gate voltage. Our results
open the way to a new description of the superconductor to
insulator transition in these systems, and beyond, to a
comprehensive understanding of the 2DEG physics at
oxide interfaces.
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