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We report two-dimensionality and effective thickness of the superconductivity of a SrTiO; single-crystal
surface induced by electric double-layer gating. The carrier density was tuned from 3 x 103 to 1.1 x 10'* cm™2
by gating, where superconductivity appears with 7. of around 0.4 K. Typical two-dimensional behavior perfectly
described by the Ginzburg—Landau equation was observed in the angular and temperature dependence of the upper
critical magnetic field. The effective thickness of the superconducting layer remains nearly invariant, ranging
from 11 to 13 nm, with increasing charge carrier density. This invariance contradicts the expected reduction
in the thickness of the accumulation layer in a triangular quantum well model. This unexpected invariance of
the superconducting layer thickness is probably a unique nature for a two-dimensional electron system in the

incipient ferroelectric SrTiOs.

DOI: 10.1103/PhysRevB.89.020508

I. INTRODUCTION

The effects of electric field on superconductors have
attracted renewed interest because of the recent development
of techniques to induce superconducting states in insula-
tors and to tune superconducting properties in thin films
[1-11]. Application of an electric field to the surface of
a solid through a gate dielectric causes the accumulation
of charge carriers, and may induce superconductivity when
appropriate solids are chosen. However, such electric-field-
induced superconductivity has been a long-standing challenge
owing to the limited charge carrier density available with
the conventional metal-insulator-semiconductor field-effect
transistor (FET) configuration [1-3]. Recently, we broke the
limit by introducing an electric double-layer transistor (EDLT),
and successfully demonstrated its electric-field-induced su-
perconductivity using insulating SrTiO3, which was followed
by a discovery of a new superconductor KTaO3; employing
an electric field effect [4,6]. These examples imply the high
potential of EDLTs to control physical properties of materials,
and at the same time raise fundamental questions concerning
the nature of the electric-field-induced system, such as the
dimensionality of superconductivity.

Thin-film superconductors behave as a two-dimensional
(2D) system when the film thickness is less than the
Ginzburg-Landau (GL) coherence length &gr. In most case,
two-dimensionality is characterized through the anisotropic
upper critical magnetic field B, which is described by the
2D GL equation [12]. Two-dimensional electron systems
(2DES) on oxide heterostructures, such as §-doped SrTiO3,
LaAlO3/SrTiO3, and LaTiO3/SrTiO; interfaces, also show 2D
superconductivity [13—16]. It has been reported that their
superconducting layer thickness, which is experimentally

“ueno @phys.c.u-tokyo.ac.jp

1098-0121/2014/89(2)/020508(5)

020508-1

PACS number(s): 73.20.—r, 73.40.—c, 74.78.Fk, 74.90.4+n

deduced from the temperature dependence of B, is estimated
to be around 10 nm in common [13-16], although the origin
of the similarity is an open question. Compared with these
heterostructures, 2DES’s in FET’s or EDLT’s induced by an
electric field have good controllability, because the confine-
ment potential of conduction carriers is tunable externally. It
is known, in general, that the thickness/density of the carriers
in the normal state is considered to decrease/increase with
increasing gate bias, respectively [17]. However, it is not obvi-
ous whether the dimensionality of the superconducting state is
controlled in a similar manner. Therefore the comparison of the
effective thickness between the normal and superconducting
states is crucial to obtain deeper understanding of electric-
field-induced superconductivity.

In this study, we examined the two-dimensionality of
electric-field-induced superconductivity on SrTiO3 under vari-
ous gate electric fields. The anisotropic B, for all electric fields
follows the 2D GL theory for a homogeneous superconductor
quite well. Detailed measurements indicate that the effective
thickness of the superconducting layer is rather insensitive to
the gate electric field (or the carrier density). This observed
invariance of the thickness differs from an expected decrease
of the thickness of 2DES in a conventional semiconductor. This
result suggests that a simple triangular quantum well model
is insufficient for describing 2DES on incipient ferroelectric
SI'TiO3.

II. EXPERIMENT

An EDLT device as schematically illustrated in Fig. 1(a)
was fabricated on a (001) surface of a single crystal of
SrTiO;. The fabrication procedure was reported in detail
previously [18]. The conduction channel was rectangular
with a width of 60 um and length of 500 um with many
Au(100nm)/Ti(20 nm) electrodes for transport measurements.
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FIG. 1. (Color online) (a) Schematic illustration of the EDLT,
where an electric double layer is formed by accumulated surface
charges and cations (®). The definition of the magnetic field
orientation 6 is also shown. (b) Temperature dependence of sheet
resistance Rg for various gate biases. (Inset) Variations of the sheet
carrier density ng and electron mobility u with the gate voltage Vi at
5K

Polymer electrolyte with polyethylene oxide and KC1O4 was
used as a gate dielectric. Transport properties were measured
using a lock-in technique with alternating current (10 Hz) of
40 nA. The device was cooled in a dilution refrigerator (Kelvi-
nox 25; Oxford Instruments), while the temperature 7 of the
device was monitored by Pt and RuO; resistance thermometers
for T > 30 Kand T < 5 K, respectively. Magnetic field B
up to 5 T was applied using a superconducting vector magnet
system [19]. The angle 6 between the normal of the interface
and B, as shown in Fig. 1(a), was accurately determined within
an error of 0.05° by making use of the anisotropy of the upper
critical field B.,. The Hall measurements to obtain sheet carrier
density ng were carried out around 200 K with a magnetic field
perpendicular to the surface ranging from +1to -1 T.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the T" dependence of the sheet resistance
Rs in a magnetic field B = 0 T from room temperature
to 0.08 K for the gate voltage Vg varying from 1.8 to
3.5 V. The Rs-T curves indicate metallic behavior with Rg
decreasing by one or two orders of magnitude on cooling from
room temperature to 5 K, followed by the superconducting
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transition. These curves are consistent with previous results
obtained for the SrTiO3; EDLT [4]. It is noted that Rs for Vg =
3.5 V becomes the largest at low temperatures (around 1-5 K),
in spite of the increase in ng with V. This anomalous behavior
is attributed to the rapid decrease in the electron mobility w
at low temperature with increasing Vg in comparison with the
increase in ng.

Such a decrease in the low-temperature mobility © with
increasing Vg is explained in the following scenario. The high
mobility of SrTiO3 at low temperature originates from its large
dielectric constant, which enhances the effective screening
of Coulomb potentials of ionized impurity scattering [4,20].
Since undoped SrTiOj is an incipient ferroelectric, its dielec-
tric constant is strongly dependent of the applied electric field.
For example, application of a gate electric field of 20 kV /cm,
which still is below our experimental range, suppresses the
dielectric constant at low temperature by more than one order
of magnitude [21]. This decrease not only enhances the carrier
confinement, but also enhances impurity scattering through
a reduction of screening. The combination of these effects
drastically increases the probability of surface and impurity
scattering of carriers, leading to a remarkable decrease in p
for larger Vi at low temperature as shown in the inset of
Fig. 1(b), where u is deduced from the Hall coefficient Ry
and Rg at 5 Kas u = Ry/Rs.

To estimate the quantitative length scale for the carrier
confinement, we calculated the depth profiles of volume
carrier density ny(z) against distance from the surface z. We
used a quantum-well model with a triangular confinement
potential U(z). Figure 2 shows U(z) and nvy(z) for three Vg
values considered in our experiments. As described in detail
previously [4], we deduced U(z) from the experimentally
obtained ng and the empirical relation of dielectric constant
with E [21]. However, in our calculation, we assumed the
dielectric constant to be independent of z and neglected the
screening effect on U(z). ns(z) and ny(z) were deduced
by summing the squares of the occupied wave functions of
subbands, which are a series of Airy functions as schematically
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FIG. 2. (Color online) Depth dependence of the calculated car-
rier density ny and confinement potential U for various gate voltage
Vi. Length of horizontal bold lines in each Vi corresponds to dgyper. A
schematic illustration of three subband wave functions in a triangular
quantum well is also shown in the top panel for Vg =2.0 V.
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shown at the top of Fig. 2. As expected, we obtain the
enhancement of carrier confinement with a bell-shaped nv(z)
with increasing Vg, which is consistent with the decrease of
the mobility shown in Fig. 1(b). The mean thickness of the
accumulated layer in the normal state dyoma 1S defined as
ns = dyommal (nv) With (ny) = [n¥(z)dz/ [ ny(z)dz’, which
is almost the same as the a full width of a half maximum
of ny(z) for the bell-shaped distribution. We obtain dyorma
of 20, 11, and 4.4 nm for Vg = 1.8, 2.0, and 3.5 V,
respectively.

Below 1 K, Rs(T') for Vg = 2.0 and 3.5 V exhibits a sharp
superconducting transition to zero resistance. The critical
temperatures 7, determined from the midpoint of the resistance
drop are 0.39 and 0.34 K for Vg = 2.0 and 3.5 V, respectively.
For Vg of 1.8 V, resistance dropped sharply with 7, = 0.39 K,
but a finite resistance remained at low temperature. Since the
resistance returned to the value at 1 K by applying a magnetic
field or by increasing the current density, the transition for
Vo = 1.8 V is also assigned to a superconducting transition.
Finite residual resistance for the low carrier density has been
reported previously [4].

To ascertain the 2D nature of the superconducting layer, we
investigated the anisotropy of the upper critical magnetic field
B, by measuring the 7" and B dependence of Rs. Figures 3(a)
and 3(b) show typical Rs-T curves below 1 K for Vg =3.5V
and B perpendicular (6 = 90°) and parallel (6 = 0°) to the
conducting plane, respectively. The superconducting transition
was entirely suppressed by B below 0.2 T and 1.6 T for 6 =
90° and 6 = 0°, respectively, indicating strong anisotropy.
In Fig. 3(c), T.(B) and B(T) defined as the midpoint of
the resistance drop are plotted in the B-T plane to form
BCJQ(T) and Bc/z/ (T) lines for the perpendicular and parallel
conditions. The relationships, BCJQ(T) = Bclz(O)(l —T/T.)and
B/J(T) = BJJ(0)(1 — T/T.)"/* around T., expected for 2D
superconducting films, are confirmed as shown by the solid
curves in Fig. 3(c). Furthermore, as shown in Fig. 3(d), the
angular dependence of B, has a sharp cusp at & = 90° and is
precisely reproduced by Tinkham’s formula [13]:

2
B> (0)cosh ‘ B»(0)sind
B} B

=1, ey

which is a solution to the 2D GL equation. The blue line in the
inset of Fig. 3(d) corresponds to a theoretical curve obtained
with a three-dimensional (3D) anisotropic GL (effective mass)
model, which clearly fails to reproduce the experimental data
particularly around 8 = 90°. Similar sets of data for B.,(T") and
B.»(0), which agree with the 2D GL equation, were obtained
for Vg = 2.0 and 1.8 V. Therefore we concluded that the
electronic system in the electric-field-induced accumulation
layer transforms into an “ideal” 2D superconductor. This
seems to be a natural result of the 2D electron system.
However, the electric-field-induced system has a complex
subband structure with depth distribution in carrier density
(see Fig. 2), and is completely different from simple metal thin
films. Therefore the ideal 2D superconductivity in the electric-
field-induced system may give us key information that is
crucial for us to understand the peculiar feature of this system.
It is noted that B., for the in-plane magnetic field exceeds the
Pauli paramagnetic limit given by o Hp ~ 1.84 T, ~ 0.7 T for
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FIG. 3. (Color online) Temperature dependence of sheet resis-
tance Rgs around the superconducting transition for magnetic fields
(a) perpendicular and (b) parallel to the surface. The values of
magnetic fields from the bottom are 0, 0.03, 0.05, 0.07, 0.10, 0.15,
0.20,0.22,0.25,and 0.5 T for (a) and 0, 0.4, 0.8, 1.0, 1.2, 1.4, 1.6, 2.0,
and 2.4 T for (b). (c) Temperature dependence of the upper critical
magnetic field B, perpendicular and parallel to the surface, B5(T)
and Bc/z/ (T). Solid curves correspond to theoretical curves obtained
from the 2D GL equation. (d) Angular dependence of B, at 0.1 K for
Vs = 3.5 V. The inset shows magnification around 6 = 90° (parallel
to the surface). Black and blue solid curves correspond to theoretical
ones obtained from Tinkham’s 2D formula and the 3D effective mass
model, respectively.

a BCS superconductor [22]. This indicates that the spin-orbit
interaction, originating from the strong electric field at the
surface, is strong enough to suppress Pauli paramagnetism.
From the fitting curves in Fig. 3(c), we deduced BCLZ(O) and
BZZ/ (0) for various V. We also deduced the GL coherence
length at 0 K £g1.(0) and the thickness of the superconducting
layer dguper using the relations BCLZ(O) = dy/ [2715&(0)] and
Bc/z/ (0) = /1290 /[27 dguperéci(0)], where @ is the magnetic
flux quantum. Figure 4 shows &g1.(0) and dguper against ns
together with the mean thickness of the accumulation layer
in the normal state doma calculated from nvy(z) in Fig. 2.
Both BCL(O) and BC// (0) weakly depend on the gate bias
with a maximum at Vg = 2.0 V (ng = 6 x 10" cm™2).
£6L(0) also weakly depends on ng with a minimum at Vg =
2.0 V. The obtained &g, (0) = 45-50 nm is four or five times
larger than dgyper for all values of ng, which is consistent
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FIG. 4. (Color online) Sheet carrier density ng dependence of the
superconducting layer thickness dguper, the calculated mean thickness
dhormat» and the GL coherence length &g (0).

with the 2D behavior of the superconductivity. dgyper Shows
a slight increase from 11 to 13 nm with increasing ns. dsuper
is almost same as dpormal for Vg of 2.0 V, and is similar to the
superconducting layer thickness for oxide heterostructures on
SrTiO3 [13-16].

The invariant 7, ~ 0.3-0.4 K against Vg or ng in EDLTs of
SrTiOj3 [4] has been recognized as a peculiar feature in contrast
with the domelike dependence observed in a bulk StTiO; [23]
and other electric-field-tuned systems, such as KTaO; [6],
MoS, [10], and the LaAlO3/SrTiOj5 interface [3]. In addition,
Vi dependence of dgyper has never been experimentally
examined in the electric-field-tuned systems. In this work, we
succeed in reproducing this peculiarity and furthermore find
that dgyper is almost independent of V. These Vg-independent
parameters may be closely related to each other.

The almost independent dgyper 0f Vg is opposed to the
expected decrease in dporma from 20 nm to 4.4 nm. We now
discuss the origin of the difference between the measured dguper
and the calculated dorma. Three possible scenarios are given:
(1) a carrier distribution change during the superconducting
transition, (2) inaccurate calculation of the carrier distribution,
and (3) a narrower superconducting region than the whole
carrier doped region. In the scenario (1), the carrier distribution
and the effective thickness are assumed to change actually
through the superconducting transition. As shown in Fig. 2,
charge carriers are confined with an energy barrier of the order
of 10 meV, which is much larger than the superconducting
condensation energy of ~50 ueV. Therefore it is unlikely
that superconducting transition brings about the redistribution
of carriers. The scenario (2) is based on the concern that
our calculation of the carrier distribution is not sufficiently
accurate, leading to a less reliable estimation of dpormal-
Although the calculation of ny(z) presented in Fig. 2 assumes
linear U(z), we have to take account of nonlinearity of U(z)
for calculation of ny(z) due to z dependence of electric
field E and dielectric constant &. A screening effect due to
induced carriers would reduce E and the slope of U(z) with
increasing z, resulting in a broader depth distribution. Indeed,
Y. Mizohata et al. reported a broader depth distribution based
on a microscopic theory with a consideration of the screening
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effect [24]. In addition, because of the incipient ferroelectricity
in SrTiO;3, € should also strongly depend on z through the
E(z) dependence of ¢. As a result, ¢ at the interface is several
orders of magnitude smaller than that in the bulk. This results
in stronger confinement of carriers at around the interface.
We consider that the combination of these two effects with
opposite directions weakens the Vg dependence of n(z) and
dhormal. Therefore more accurate calculation of dorma With
the nonlinear U(z) is necessary for comparison with the Vg
independent dgyper. In the scenario (3), superconductivity is
assumed to emerge only in a part of the conductive layer.
2DES on SrTiOj3 has a bell-shaped depth dependence of carrier
density. Chemically doped SrTiO3; shows superconductivity
for carrier density above a certain threshold n,;, [23]. Then, itis
likely that the part of carrier doped region with ny(z) above n,,
shows superconductivity. In this situation, superconductivity
emerges only in the center of the conductive layer. Bold lines
in Fig. 2 indicate length of dgper in the n(z) plot. For Vg of
1.8 and 2.0 V, dgyper is identical to the thickness of the central
region where n(z) > n,; with ng, of 10"%cm=3. For Vg of
3.5V, the thickness of the central region is smaller than dgyper.
However, from scenario (2), the nonlinearity of U(z) results
in a broader distribution in bulk region. Therefore, combining
with scenario (2), the thickness of the central region where
n(z) > ny, would increase for Vg of 3.5 V due to large ns.
We consider that the combination of scenarios (2) and (3) may
give a consistent value of the superconducting layer with the
experimental dgyper.

Furthermore, we would like to point out that the GL
equation assumes an isotropic superconductor that has a
constant superconducting critical parameter in the depth
direction. In contrast, a superconducting layer in 2DES would
have depth dependence of superconducting parameters, such
as the superconducting gap and the o and B coefficients in
the GL equation, since the charge carrier density has depth
dependence. We found that the angular dependence of B
well follows the GL equation in an isotropic superconductor,
in spite of the change of the carrier distribution with gate
bias. In addition, dyper 1S almost constant, indicating almost

unchanged (/B%)/ Bc/z/ with variation of carrier distribution.
Further theoretical studies are necessary for elucidating super-
conductivity in 2DES.

Finally, we refer to the electric field control of the
LaAlO3/SrTiOj; interface with a back gate, where a domelike
variation of T, with Vg is observed [3]. Although the carrier
doping mechanism of the initial state (at Vg = 0) in this
interface system is under debate, it is known that the electric
field applied through the back gate modifies the inherit
spin-orbit coupling interaction in the conduction channel [14],
which correlates with the appearance of 7. and raises B,
above the Pauli limit. To compare our system appropriately
with the LaAlO3/SrTiO; interface system with a back gate,
it is necessary to analyze experimentally an EDLT combined
with the back gate, which is now being developed.

IV. CONCLUSION

In conclusion, the electric-field-induced superconductivity
in SrTiOj3 is typical of a 2D superconductivity in spite of
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the change of carrier density. The angular and temperature
dependence of the critical field is well-described by the
2D GL theory. The thickness of the superconducting layer
was found to be almost invariant with carrier density, which
contradicts with the carrier density dependent thickness of an
accumulation layer calculated using a triangular quantum-well
model. This may be a unique nature of superconductivity in
a 2DES induced by electric field-effect in incipient ferro-
electric SrTiOs. Further experimental and theoretical study
of the peculiar two-dimensionality is required to understand
surface/interface superconductivity tuned by an electric field.
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