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We successfully tuned an underdoped ultrathin YBa2Cu3O7�x film into the overdoped regime by means

of electrostatic doping using an ionic liquid as a dielectric material. This process proved to be reversible.

Transport measurements showed a series of anomalous features compared to chemically doped bulk

samples and a different two-step doping mechanism for electrostatic doping was revealed. The normal

resistance increased with carrier concentration on the overdoped side and the high temperature (180 K)

Hall number peaked at a doping level of p� 0:15. These anomalous behaviors suggest that there is an

electronic phase transition in the Fermi surface around the optimal doping level.
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The modulation of the electrical charge carrier density in
strongly correlated electron systems using an electric field
as an external control parameter is a long-standing goal in
condensed matter physics due to its potential impact from
both fundamental and technological points of view [1,2].
Among those interesting materials, the application of field
effect concepts to high temperature superconductors
(HTSCs) is an active research field since it could provide
a tool to control the density of the superconducting con-
densate in a reversible way, while keeping a fixed structure
and avoiding changing the disorder associated with con-
ventional doping by chemical substitution [3,4]. Apart
from potential applications, electrostatic doping of
HTSCs is also a useful tool to study fundamental questions
that still remain open such as the properties of the
superconductor-insulator (SI) transition and the role of
quantum criticality [5,6].

Recently, the development of electronic double layer
transistors (EDLT), that use ionic liquids (ILs) as gate
dielectrics, has been successfully employed to achieve
levels of doping of 1015=cm2 [7–9]. Taking advantage of
such large charge transfers, this technique has been em-
ployed to successfully tune the SI transition in
La2�xSrxCuO4ðLSCOÞ [5] and in YBa2Cu3O7�xðYBCOÞ
[6], and to study the low carrier concentration side of the
phase diagram. Both works reveal interesting physics on
the nature of the quantum phase transition separating the
superconducting and insulating phases when the density of
charge carriers is depleted.

Nonetheless, the possibility of accumulating charge car-
riers by the field effect to tune an underdoped cuprate into
the overdoped regime has remained elusive. For the 123
family of cuprate compounds, it has been shown that the
CuO2 planes are only indirectly affected by the electric
field since the injected holes are mainly induced in the
CuOx chains [10]. Moreover, the systematic preparation of
YBCO bulk samples by tuning the oxygen stoichiometry in
the overdoped region is difficult to achieve and the highest

level of overdoping is limited by the oxygen stoichiometric
concentration, 0:194 holes=Cu for YBa2Cu3O7 [11].
Here we present a transport study of an electrostatically

doped YBCO ultrathin film. We exploit the high local
electric fields (109 V=m) induced by an ionic liquid at
the surface of the sample to tune the concentration of holes
in the superconducting condensate across the top of the
superconducting dome. The experiment reveals that the
electrostatic doping of YBCO involves a different doping
mechanism, as well as an anomalous normal resistance
behavior in the overdoped regime. Surprisingly, we also
find that the Hall number measured at 180 K displays a
maximum around the optimal doping level that suggests
the occurrence of an electronic phase transition separating
the underdoped and overdoped regimes.
Ultrathin YBCO films were grown by means of a high

pressure oxygen sputtering technique on (001) oriented
SrTiO3 substrates. The technical details of sample prepa-
ration and characterization can be found in Ref. [6]. In
order to determine the thickness threshold that separates
insulating and superconducting samples, i.e., the thickness
of the dead layer, we produced a series of thin films with
thicknesses ranging from 5 to 10 unit cells. Using standard
four-probe techniques we characterized the RðTÞ curves for
each sample and we found that the 5–-6 unit cell thick
samples are insulating and the superconducting properties
are completely recovered in a 7 unit cell thick film. The
EDLT devices were fabricated using films of this thickness,
following the procedure described in Ref. [8].
We monitored the gating process of the 7 unit cell

YBCO ultrathin film by measuring the sheet resistance as
a function of temperature (see Fig. 1). The fresh sample,
without any applied gate voltage (VG), has a transition
temperature Tc ¼ 42 K. We determined Tc as the tempera-
ture corresponding to the crossing of the extrapolation of
the fastest falling part of the RðTÞ curve to zero resistance.
After the application of a negative gate voltage, Tc in-
creases and the normal state sheet resistance (the metallic
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region of the curve) drops. For higher negative gating,
VG ¼ �2:24 to �2:38 V, the rate of change of Tc and
the normal resistance slows down and saturates. Tc reaches
a maximum value of 67 K and the normal resistance
reaches a minimum of 750 � at 180 K. We also observed
small fluctuations in both Tc and the normal resistance in
this regime. As shown in Fig. 1(b), upon a further increase
of the negative gate voltage, Tc decreases. In addition,
the normal resistance increases with increasing negative
gate voltage. For the highest negative gate voltages
(� 2:46 V< VG <�2:56 V) we note that the supercon-
ducting transition is not abrupt and a second transition is
turned on at the lowest temperature part of the RðTÞ curve.
Next we reversed the polarity of the gating [see Fig. 1(c)],
and we observed that after a threshold voltage of about
þ0:3 V, Tc starts to increase and the normal resistance
starts to drop. With further increase in the positive gate
voltage, as shown in Fig. 1(d), Tc drops and the normal
resistance increases, and the sample recovers its initial
state.

In order to analyze the dependence of the RðTÞ curves
as a function of gate voltage, we have plotted Tc and
the normal resistance measured at 180 K versus VG in
Figs. 2(a) and 2(c). As can be expected, the application
of a negative voltage accumulates holes in the thin film and
both Tc and the normal state resistance change, increasing
and decreasing, respectively. This is an indication that
charge carriers are being injected into the sample and the
concentration of holes is increasing towards the optimal
doping point of the superconducting dome of high Tc

cuprates. The subsequent drop of Tc suggests that the
sample has been tuned into the overdoped regime, although

the increase of the resistance in this regime is different
from what is found in chemically doped bulk samples [12]
and will be analyzed in detail later. By changing the polar-
ity of VG we check the reversibility of the process and rule
out a possible chemical reaction on the sample’s surface.
The results confirm that the electrostatic doping process is
reversible. Moreover, the measurements reveal that the
dependence of the transport properties of the sample as
function of gate voltage is hysteretic. The electronic double
layer created at the interface between the ionic liquid and
the cuprate is of the order of 1 nm in thickness and a
Coulomb type interaction emerges between the surface
anions from the ionic liquid and accumulated carriers
(holes) in the film. To change the sign of the ions that
covered the surface of the sample, and hence destroy the
electronic double layer, a threshold gate voltage of reverse
polarity is needed which could lead to the observed hyste-
retic dependence. In addition, anions and cations from the
ionic liquid are different in size and molecular weight and
an asymmetric response to positive or negative gate volt-
ages can be expected.
In order to obtain an independent variable to describe the

process of accumulation or depletion of holes we inferred
an effective hole doping ‘‘p’’ by using the universal em-
piric parabolic relation Tc=Tc;max ¼ 1� 82:6ðp� 0:16Þ2
[13], which has been proved to be true for bulk high Tc

superconductors including 123 compounds [14]. Using this
calculated number of holes we plot Tc and the values of
normal resistance at 180 K in Figs. 2(b) and 2(d). The black
open triangles represent the evolution of Tc and the normal
resistance at 180 K during the accumulation of holes while
the depletion process is represented by the red open tri-
angles in both graphs. The estimated number of holes
allows us to represent the superconducting dome of the
sample removing the effects of the hysteretic dependence

FIG. 2 (color online). Top panel: Transition temperature vs
gate voltage (a) and effective hole doping (b). Bottom panel:
Sheet resistance at 180 K vs gate voltage (c) and effective hole
doping (d). The sequence of the gating process is denoted by
steps 1 to 4.

FIG. 1 (color online). Temperature dependence of the sheet
resistance at different gate voltages. (a) From 0 to �1:2 V, VG

was changed in �0:1 V increments and then from �1:2 to
�2:38 V, the increment was �0:02 V. (b) From �2:38 to
�2:56 V, VG was changed in increments of �0:02 V.
(c) Negative VG was then removed and a positive VG was added.
From 0 to 0.7 V, VG was changed in 0.1 V increments.
(d) VG ¼ 0:7, 0.75, 0.80, 0.85, 0.90, 0.95, 1.0, 1.05, 1.07, 1.10,
1.13, 1.15, 1.17, 1.20 V, then the increment was changed to
0.02 V until VG ¼ 1:46 V.
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on gate voltage. We observed a maximum Tc of 67 K and
we would like to point out that this value depends strongly
on the criteria selected to calculate it. The superconducting
transitions of ultrathin films are broad and the maximum Tc

of the sample can be as high as 83 K if Tc is calculated from
the onset transition temperature where the resistance drops
to its 90% value. Furthermore, all the samples of the
present study are strained due to the thin film thicknesses,
which are always bellow 12 nm, and a depressed super-
conducting transition temperature is expected due to the
strong thickness dependence of Tc [15–17].

Upon a closer comparison of Fig. 2(b) and 2(d), we
notice that the gate process steps 1 and 4 are different
from steps 2 and 3. In steps 1 and 4, Tc remains constant
but the normal resistance changes. While in steps 2 and 3,
Tc and the normal resistance are correlated and change
together. It is well known that in 123 compounds, the
normal resistance is determined by the carriers both on
the CuO2 planes and on theCuOx chains while Tc is mainly
determined by the carriers on the CuO2 planes [18]. Step 1
occurs at the beginning of the charging process and Tc

remains the same suggesting that a threshold VG is
required for the carriers to be doped onto the CuO2

planes. During step 1 only the normal state resistance
changes, which would be an indication that the carriers
can be induced only on the CuOx chains. A similar behav-
ior can be observed in step 4 once the sample has returned
to its initial state. Here Tc remains constant suggesting
that another threshold VGis required to deplete the CuOx

chains and then start the depletion of carriers on the CuO2

planes. In between there are steps 2 and 3 where the
carriers on the CuO2 planes can be induced reversibly by
the electrostatic charging and thus the Tc and the normal
resistance change together.

The data suggest that the electrostatic doping of YBCO
is actually a two-step process. First carriers are induced
only on the CuOx chains, and second, once a threshold
concentration is reached, carriers can be induced on the
CuO2 planes. In the second step, the carriers could be
indirectly doped on the CuO2 planes through intracell
charge transfer [10]. This two-step electrostatic doping
process appears to be different from that of chemical
doping, in which any changes of the hole doping under
the superconducting dome will affect the normal resistance
and the superconducting properties simultaneously.

In Fig. 2(d) the normal resistance at 180 K exhibits a
minimum at the optimal doping point. As stated before this
is a surprising behavior since in the overdoped region of
the general bulk phase diagram of cuprates, the normal
state is a Fermi liquid and a lowering of the normal
resistance would be expected as the doping level increases.
To clarify this point we consider the screening length of the
electric field for a nonperfect metal, which is given by the

expression: � / ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

"=gðEFÞ
p

, where " is the dielectric con-
stant of the cuprate and gðEFÞ is the density of states at the

Fermi energy [19]. By applying higher negative voltages to
the gate electrode the number of holes increases and �
becomes shorter. Therefore, the screening of the electric
field in a shorter length scale reduces the thickness of the
active layer of the sample and would increase the sheet
resistance accordingly. This suggest that the shortening of
the penetration depth, i.e., the reduction of the dimension-
ality of the sample, could have some contribution on the
explanation of the increasing values of the sheet resistance
and would explain the broader transition observed for the
highest negative voltages. Indeed, for the shortest penetra-
tion depth of the electric field we would be observing a
purely two-dimensional superconductor, where the fluctu-
ations of the Cooper pairs would produce the observed
broadening of the superconducting transition that would be
governed by a two-dimensional Kosterlitz-Thoules mecha-
nism. Nonetheless, we can estimate the dependence of
the sheet resistance on � using a 3D free electron model
and assuming that the conductivity has a Drude behavior

� ¼ ne� and gðEFÞ / n1=3 (n is the 3D electron density
and � is the mobility). The sheet resistance would take the

form Rs ¼ 1=ð��Þ / 1=ðn5=6�Þ and based on this estima-
tion, the increase of the carrier density will always cause
the sheet resistance to drop contrary to what we observed.
One possibility to explain our results is that the surface
scattering might increase during the gating process and
cause the mobility to drop as more carriers accumulate at
the surface. This should be a general property of the gating
process, but previous experiments using ionic liquids as
gate dielectrics showed that the mobility usually increases
and then saturates as VG increases [7,20], or behaves
similar to those chemically bulk doped samples [21,22],
or gradually decreases (� 10% in total) with an increasing
VG [23]. We believe that this would rule out the effect of
the mobility in explaining the increasing values of resist-
ance at the overdoped side. It could suggest that it is caused
by a significant change of gðEFÞ together with the short-
ening of the screening length of the electric field.
To get further insight into this behavior we measured the

Hall resistance at 180 K at different gate voltages. Figure 3
shows the normalized Hall number (nH) as a function of
VG (a) and effective doping (b). The Hall number is calcu-
lated using nH ¼ 1=ðRHeÞ, RH being the Hall coefficient
determined from the slope of the linear fit of the
Hall resistance vs magnetic field. Interestingly, we
find that the Hall number shows a peak at a doping level
of p� 0:15 holes=Cu (VG ¼ �2:24 V) which does not
coincide with the maximum and minimum of Tc and the
normal resistance, respectively, (p ¼ 0:16 holes=Cu or
VG ¼ �2:38 V). Moreover, in between these levels of
doping we observe fluctuations in both Tc and the normal
resistance.
The Hall effect of high-Tc cuprates has been extensively

studied and two scenarios have been proposed. One is the
two relaxation time model [24,25], in which the Hall
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relaxation rate 1=�H and the transport scattering rate 1=�tr
are associate with spins and charges, respectively. In the
other scenario the scattering arising from different regions
of the Fermi surface is considered [26]. Experimentally, an
anomalous dependence of the normal state Hall coefficient
on the doping level has been reported in chemically doped
YBCO [27], Bi2Sr1:51La0:49CuO6þ� (BSLCO) [28] and
LSCO [29]. For YBCO the Hall conductivity at 125 K
showed an anomalous behavior around the 60-K phase and
in BSLCO and LSCO, the Hall number peaks around the
optimal doping level at low temperature when supercon-
ductivity is suppressed by an ultra high magnetic field.
These anomalous behaviors are commonly interpreted as
evidence of an unusual electronic state or a sudden change
in the Fermi surface, although chemical doping might also
change the magnetic coupling and thus the Hall scattering
rate. For electrostatic doping, we do not believe that an
electric field would change the magnetic coupling. The nH
peak then suggests that an electronic phase transition is
occurring, which is supported by the emergence of fluctu-
ations in Tc and the normal state resistance at this same
level of doping.

Moreover, in our results, the peak of the Hall number is
found to be at p� 0:15, to the left of the optimal doping
point (p ¼ 0:16). For a doping level of p� 0:15 the value
expected for T�, the pseudogap crossover temperature,
roughly matches 180 K [30]. Quantum oscillation experi-
ments [18,31–33] showed that while there is a large hole-
like Fermi surface in the overdoped regime, there are only
small pockets in the underdoped regime. Angle Resolved
Photoemission Spectroscopy also showed that the transi-
tion from the overdoped to the underdoped regime is
accompanied by an electronic reconstruction of the Fermi
surface [34–38]. Thus an electronic phase transition which

would reconstruct the Fermi surface is expected around the
optimal doping regime and could be confirmed by our
measurements.
In summary, we have studied the transport properties of

an ultrathin YBCO film with the doping level changing
from the underdoped regime to the overdoped regime by
means of electrostatic doping. Our results reveal a two-step
doping mechanism for the electrostatic doping of YBCO
which is different from that of conventional chemical
doping. Anomalous behavior of the normal resistance on
the overdoped side was also accompanied by a peak in the
high temperature (180 K) Hall number at p� 0:15. This
suggests there is an electronic phase transition on the Fermi
surface near the optimal doping point. The low dimension-
ality of the film or the high local electric field in the EDLT
configuration might enhance this electronic phase transi-
tion and bring about these anomalous behaviors.
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