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Electric-field-induced Mott transition in an organic molecular crystal
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We study the field effect on the strain-induced Mott-insulating state of an organic superconductor κ-(BEDT-
TTF)2Cu[N(CN)2]Br. The gate voltage dependences of the conductivity, Hall coefficient, and thermopower
were investigated. While the conductivity obeyed an activation-type insulating formula, the Hall coefficient and
thermopower exhibited continuous transition to a metal-like band structure under high gate voltage. This indicates
the merger of Hubbard bands at finite electrostatic doping; that is, the field-induced Mott transition.
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I. INTRODUCTION

Mott discussed the concept of electron correlation in
a half-filled band and predicted a sharp transition from
an insulating to a metallic state at a certain value of the
bandwidth.1 Hubbard extended this idea with calculations
that showed that the half-filled band should be split into
two so-called Hubbard bands in the insulating state.2 The
most characteristic event in the Mott transition (MT) is the
merger of two (filled and empty) Hubbard bands into one
half-filled band. Although Mott considered the transition under
a bandwidth-controlled regime, it turned out to be possible for
a change in the band filling to also evoke a decrease in the
effective on-site Coulomb interaction, resulting in a similar
insulator-to-metal transition.3 The phase diagram for a Mott
insulator is shown in Fig. 1(a), illustrating the concepts of
bandwidth and band-filling controlled MTs as a function of
U/W (U : on-site Coulomb repulsion energy; W : bandwidth)
and band filling, respectively.

Chemical doping has been a typical method of modifying
the Hubbard bands by band filling, and it has attracted renewed
attention since high-Tc superconductivity was discovered in
the doped Mott insulator, La2−xBaxCuO4.4 Although the use
of chemical doping to induce a MT is a useful method for
developing new materials, the presence of the dopant always
leads to the introduction of random potential fluctuations
within the material. The interference between disorder and
correlation becomes especially important when the system is
close to the MT. The formation of a pseudogap in high-Tc

cuprates is the most typical example and its relation to
disorder is still not fully understood, although such an un-
derstanding is important for identifying the superconductivity
mechanism.5–8 To avoid the undesirable effects of disorder,
electrostatic doping (ESD) using a field-effect transistor (FET)
configuration is a useful means of investigating band-filling
controlled MTs, because the degree of randomness, if any,
does not change during the ESD process. Although both
inorganic and organic Mott-insulator-based FET (Mott-FET)
structures have already been proposed,9–11 the simple and clear
electronic structure of organic Mott insulators seems favorable
for achieving experimental confirmation of a filling-controlled

MT by ESD. In the meantime, the possibility of using ESD to
induce a MT has also led researchers to propose a MT-FET
exhibiting high performance and nanosize scalability, which
makes such a device highly attractive.11 As far as disorder
without electron correlation is concerned, the concept of the
“mobility edge” is useful. Anderson first pointed out that
electrons cannot diffuse in their ground state when strong
disorder exists in the system.12 Mott extended this idea to
the concept of the mobility edge, in which localized states
exist at the bottom and top of a band and are continuously
connected to extended states in the middle.13 This concept has
been very useful to understand, for example, the behavior of
two-dimensional (2D) electrons in FET devices in the absence
of strong electron correlation. The influence of disorder is
not, however, trivial when the electron correlation is high, and
this problem is frequently discussed in the Anderson-Hubbard
model.14–16 The aims of the present study include, therefore, an
investigation of the influence of strong electron correlation on
FET performance. We fabricated a Mott-FET with an organic
Mott insulator κ-(BEDT-TTF)2Cu[N(CN)2]Br (κ-Br) which,
in pristine form, is a superconductor at low temperature but
remains in a Mott-insulating state due to a negative pressure
effect when adhered as a thin crystal to a SiO2/Si substrate
[BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene].17,18 The
results of transport measurements indicate that, under high gate
voltage, the carriers are not located at the edge of the Hubbard
band but rather at the center of the merged band. After finite
ESD, the carrier density at the interface is gapless,19 which
suggests that the interfacial electrons in this device undergo a
continuous transition from a Mott-insulating to a (correlation-
enhanced) Anderson-insulating state. Furthermore, the carrier
mobility can be tuned both by the gate voltage and thermal
excitation.

κ-type BEDT-TTF salts comprise alternating lay-
ers of BEDT-TTF+0.5 radical cations and polymeric
counteranions.20,21 Although the highest occupied molecular
orbital (HOMO) band of BEDT-TTF is three-quarters filled,
the dimerized structure [Fig. 1(b)] makes it effectively half-
filled resulting in a Mott-insulating state. The HOMO band has
a simple two-dimensional cosine dispersion and thus exhibits
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FIG. 1. (Color) (a) U/W -band filling phase diagram for the
κ-BEDT-TTF system: blue, green and yellow lines denote band
insulator, Mott insulator, and superconductor, respectively. The pale
green area is thought to be metallic, although correlation-enhanced
localization is very likely to occur. (b) Two-dimensional lattice of
κ-Br viewed along the b axis. The crystallographic ac unit cell
contains one red and one blue dimer in a layer (white square),
each of which has one hole carrier. (c) Fermi surface of κ-Br.
Since there are two dimers in the unit cell, the sectional area
of the Fermi surface corresponds to 100% of the first Brillouin
zone. Note that the degeneracy at the zone boundary is slightly
broken resulting in anisotropic thermopower generation (Ref. 26).
(d) U/W -T phase diagram for the κ-BEDT-TTF system. PI, PM,
AFI, and SC denote paramagnetic insulator, paramagnetic metal,
antiferromagnetic insulator, and superconductor, respectively. Blue,
black, and red arrows show temperature trajectories of κ-Br for the
corresponding conditions (on SiO2/Si, bulk, and on polystyrene).

a round intersection of the Fermi surface within the a-c plane,
but it is folded on the Brillouin zone boundary because of
cell lattice doubling; this arrangement was first calculated
by one of the authors using a tight-binding approximation
[Fig. 1(c)].22 κ-Br belongs to this class of materials and
exhibits a Mott-insulator-to-metal crossover upon cooling due
to bandwidth enhancement by thermal contraction,23 followed
by superconductivity whose order parameter is thought to
be d-wave type [Fig. 1(d) shows the phase diagram].20 The
electronic structure of κ-Br and its family has been thoroughly
investigated and its Shubnikov–de Haas oscillation,24 Hall
coefficient,25 and thermopower measurements26 are all, in
principle, consistent with the calculated band structure, al-
though many anomalies are known around the Mott-insulating
or superconducting regions. Because the bandwidth of the
family of materials κ-(BEDT-TTF)2Cu[N(CN)2]Cl can be pre-
cisely controlled by the gas pressure, the critical behavior of the
bandwidth-controlled MT in this system was comprehensively
investigated by Kagawa et al.,27 making κ-Br even more

attractive for a study of an ESD-induced filling-controlled
MT to allow a universal understanding of the MT phase
diagram. At the same time, the chemically doped κ-type
salt κ-(BEDT-TTF)4Hg2.89Br8 (κ-HgBr) is known to show
superconductivity28 despite its large U/W . This suggests that
the Mott-insulating phase of κ-type material is surrounded by a
superconducting phase in the U/W -filling phase diagram, and
thus field-induced superconductivity might also be possible in
an organic Mott-FET based on this material.

Recently, techniques for fabricating organic FETs (OFETs)
have been improving rapidly, driven by the demand for light,
flexible, large-area, and printable next-generation devices. In
particular, single crystal OFETs are attracting considerable at-
tention because of their high performance and simple structure,
suitable for analyzing the intrinsic nature of induced carriers
in organic solids.29–31 Using Hall coefficient measurements,
the carrier density in a rubrene-based FET has been shown to
coincide with the value calculated by the capacitance model,30

and bandlike transport has been observed in the temperature
and direction dependencies of the field-effect mobility.29,31 In
the present study, to fabricate a Mott-FET based on κ-Br, we
have improved the lamination method used to produce single
crystal OFETs by performing the lamination process in liquid
alcohol to avoid breaking the fragile crystal. Here we report
an electric-field-induced MT in this organic Mott-FET. Our
present results indicate that the phase transition can be used as
a new device tool, in which the conductivity is not driven by a
change of the carrier density but is driven by a change of the
carrier mobility.

II. EXPERIMENTAL

A highly doped Si substrate covered with a 200-nm-thick
SiO2 layer was cut into 3.3-mm-square dies. Crystals of κ-Br
were electrochemically synthesized from a solution in which
20 mg BEDT-TTF, 100 mg [P(C6H5)4][N(CN)2], and 30
mg CuBr were dissolved in 50 ml of 1,1,2-trichloroethane
(10% v/v ethanol). We employed a round cell to obtain
many crystals uniformly growing along a long anode. A
relatively high current of 4 μA was applied for electrochemical
crystallization in an Ar atmosphere. After 15 hours, several
large, flat crystals (thickness: a few hundred nanometers;
area: a few millimeters square) were formed along with a
number of small, thick crystals. We selected one of the thin flat
crystals and transferred it carefully into a container of clean
alcohol (ethanol or isopropyl alcohol) using a pipette. The
die-shaped substrate was also immersed in the alcohol, and
the κ-Br crystal was manipulated with the tip of a strand of
hair. After the crystal was placed lightly on the substrate, both
were quickly removed from the liquid using tweezers. As the
alcohol evaporated, the crystal became tightly adhered to the
substrate. The laminated crystal can be shaped using a pulsed
laser beam with a wavelength of 532 nm in order to fabricate
a Hall bar or cross bar structure. The samples thus obtained
have a bottom-gate FET configuration where a thin single
crystal of κ-Br is used as a channel. Source and drain contacts
are made using Au electrodes that have been previously
evaporated on the substrate Fig. 2. We confirmed that the
contact resistances are comparable to the sample resistances.
The thin crystals used in this study have thicknesses of a
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FIG. 2. (Color online) (a) Schematic side view and (b) optical top
view of the FET structure. (c) X-ray-diffraction pattern with incident
beam normal to the substrate. The spots from a κ-Br monocrystal
are observed among intense spots from Si. The bottom table shows
the cell parameters from the literature (Ref. 21) and those calculated
from the observations.

few hundred nanometers, and their surfaces appear flat and
homogeneous based on optical microscope and step profiler
measurements. Polarized microscopy observations indicate
that the crystal is monocrystalline due to the presence of
uniform birefringence under a crossed Nichols condition.
In addition, x-ray-diffraction analysis of a laminated film
(thickness: 500 nm) on a substrate showed that the film was a
single crystal of κ-Br [Fig. 2(c)].

Each sample is inserted into a Physical Property Measure-
ment System (Quantum Design, Inc.) or cryogenic chamber
filled with helium. As we previously reported, the organic
crystal on the substrate is subjected to strain by the substrate
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FIG. 3. (Color online) (a) Temperature dependence of the re-
sistance of κ-Br without a substrate or adhered to silicon or
polystyrene. The data for a total of ten samples are shown. (b) Tem-
perature difference between thermometers at two opposite sample
ends.

as the temperature is varied, due to mismatch of the thermal
expansion coefficients.17 This strain effect is not negligible,
and it is the reason why we employed a superconducting salt,
κ-Br. In the case of κ-Br, the strain effect is crucial because its
ground state is located in the proximity of the Mott transition in
terms of pressure. Whereas a κ-Br crystal adhered to a polymer
substrate exhibited superconductivity at 10 K, the ground
state of κ-Br on a Si substrate leads to the Mott-insulating
phase due to the negative pressure exerted by the substrate
[Fig. 3(a)]. This strain effect is reproducible across multiple
samples and multiple temperature cycles with the same
sample. Thus, a FET with a Mott-insulating channel can be
obtained.

As well as typical Si FETs, application of gate voltage
creates gradient of carrier density due to source-drain voltage.
However, source-drain voltage applied in our measurements
is much smaller than gate voltage (more than four orders
of magnitude when Vg ∼ 100 V). The carrier density is
considered to be almost uniform along the gate insulator.
On the other hand, it is difficult to determine directly the
distribution of the field-induced charge along the out-of-plane
direction. However, the Poisson equation applied to an OFET32

and the dielectric constant of insulating κ-Cl (Ref. 33) suggest
that the field-induced conducting layer is much thinner than
one BEDT-TTF layer, implying that it is 2D under sufficient
gate voltage.

For the Hall-effect measurements, the magnetic field is fixed
at 8.5 T and Vg is swept, while the linearity of Rxy with
respect to the magnetic field is checked from time to time.
The simulations are carried out with the assumptions (i) the
density of injected electrons is negligible compared to that of
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the hole carriers and (ii) the hole density is constant. A classical
formula for two different types of hole carriers is used:

RH = μ2
bnb + μ2

s ns

e(μbnb + μsns)2
, (1)

where μ and n denote mobility and carrier density, and the
indexes s and b stand for surface and bulk, respectively.
μb and nb are constant values which are measured without
gate voltage. Under assumption (ii), ns is also constant
(=1.6×1014 cm−2 = 90% of the first Brillouin zone if the
surface carrier is confined within one monolayer) so that the
gate-voltage dependence of RH depends on that of μs . Here,
we employed the gate-voltage dependence of the conductivity
in order to simulate how the surface mobility increases with
gate voltage (μs = σs/ens).

The temperature gradient for the thermopower measure-
ment is produced by heating the substrate with carbon
paste resistance attached to the outer side of the sample, and
the temperature of the substrate is measured by monitoring
the resistance of the carbon nanotubes pasted on the substrate
[Fig. 3(b)]. The temperature gradient is reversed using two
heaters attached to opposite ends of the sample so as to
eliminate the background.

III. RESULTS AND DISCUSSIONS

In this section we show the field effect on the electronic
properties of κ-Br. See also the Supplemental Material34 to
overview the field effect on the conductivity, Hall effect, and
thermopower.

A. Conductivity

Most of the samples exhibited n-type behavior with
conductivity enhancement by the positive gate voltage (Vg),
corresponding to electron injection. The channel conduction
was almost Ohmic in the voltage range applied here and
exhibited no noticeable hysteresis. The field-effect mobility
is given by μFE = (1/Ci)(dσ�/dVg), where Ci is the nor-
malized capacitance of the gate insulator and σ� is the sheet
conductivity. The μFE values derived from the differentiated
transfer curve (dσ�/dVg) were quite high for OFETs, with the
best sample having a value of 94 cm2/V s, which is the highest
mobility ever reported for an OFET. For single-crystal-based
OFETs, the moderate enhancement of μFE with cooling is often
considered to be evidence for bandlike transport in devices.
However, an increase of intermolecular interaction due to the
thermal contraction of the crystal is another possible reason
for such enhancement. On the other hand, at Vg = 120 V,
μFE clearly increases with decreasing temperature [Fig. 4(a)],
despite the coefficient of thermal expansion of silicon in
this temperature range being negative (i.e., the entire device
must be expanded upon cooling and thus the intermolecular
interaction must be decreased). This represents the first time
that such an effect has been reported with cooling down
to 5 K.

Figure 4 shows the logarithmic four-terminal conductivity
as a function of the inverse temperature. This Arrhenius
plot indicates that the transport is thermally activated and
the activation energy is reduced by the application of a
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FIG. 4. (Color online) (a) Field-effect mobility estimated from
μFE = (1/Ci)(dσ�/dVg). The curves of conductivity vs gate voltage
were differentiated to obtain dσ�/dVg . Inset shows temperature
dependence of μFE at Vg = 120 V. (b) Activation plots for the
four-terminal sheet conductivity under various gate voltages. Ex-
trapolations of the low-temperature part intersect at 1/T = 0 with an
identical prefactor σ0.

gate voltage. While small deviation from the linearity exists
possibly because of remaining electron correlation, extrapo-
lations of the conductivity curves under gate electric fields
intersect at the high temperature limit, yielding the formula
σ� = σ0 exp (−Ea/kBT ), where σ0 is a constant and Ea is
the gate-voltage-dependent activation energy. The fact that σ0

is constant indicates that no macroscopic phase separation20

occurs due to the gate voltage. In addition, the Meyer-Neldel
rule,35 by which σ0 is dependent on the activation energy, does
not apply so that transport is not governed by deep trap states.
Although the above field effect is reproducible, the threshold
voltage shows a sample-to-sample dependence. It tends to be
negative so that most of the samples exhibited n-type behavior.
However, in samples [e.g., sample no. 2: Fig. 5(b)] with a
relatively high threshold voltage, ambipolar field effects have
been observed as expected in Mott insulators. The shift in
threshold voltage can be confirmed not only from the transfer
curve but also from the dependence of the threshold voltage on
the activation energy as shown in Fig. 5(c). It can be seen that
the shape of the Ea vs Vg curves is similar for all samples, but
Vth depends on surface conditions such as the ionic polarity
of the terminal layer and the amount of impurities between
the crystal and the substrate. The separation of the n-type
and p-type regions implies a presence of shallow trap states
between the upper and the lower Hubbard bands.

Let us now consider the activation energy Ea in the formula
σ� = σ0 exp (−Ea/kBT ). Since σ = enμ, the question arises
as to whether Ea originates from n, μ, or both. In typical
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dependence of the activation energy derived from activation plots of
the four-terminal conductivity. The field effect appears qualitatively
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surface conditions during fabrication.

semiconductors, Ea is given by the energy difference between
the Fermi energy and the mobility edge which divides extended
and localized states (Ea = EC − EF ).13 As the Fermi energy
can be raised by the gate voltage in the rigid band of the
semiconductor, Ea appears in n in a normal metal-oxide-
semiconductor (MOS) FET so that only carriers beyond the
mobility edge can be detected. On the other hand, the energy
dispersion in a Mott insulator is not rigid against carrier doping.
It is therefore necessary to check the origin of Ea , and the
reason why it is reduced by gate voltage.

B. Hall effect

We next examine the carrier density using Hall-effect
measurements. Figure 6(a) shows the temperature dependence
of the Hall coefficient (RH ) and the Hall mobility at Vg =
0 V. At room temperature, we observe a Hall resistance
proportional to the magnetic field, with a carrier density
consistent with a model in which one dimer provides one
hole carrier (1.21 × 1021 cm−3). Upon cooling the sample, the
carrier density is found to decrease first gradually and then
sharply below 80 K, suggesting that there is an energy gap for
the excitation of the carrier density. The mobility estimated
from RH and σ is, on the other hand, almost constant in
the measurable temperature range [Fig. 6(a)]. The situation
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FIG. 6. (Color online) (a) Temperature dependence of the Hall
coefficient and Hall mobility without gate voltage. The carrier
density decreases with temperature since n = 1/eRH . (b) Gate-
voltage dependence of 1/eRH at 20 K. The blue line denotes the
density of the injected carriers calculated by the capacitance model,
Q = C(Vg − Vth). (c) Gate-voltage dependence of RH at various
temperatures. Solid lines show simulations at each temperature using
a classical model in which field-induced and thermally activated hole
carriers coexist.

totally changes when a positive gate voltage is applied at
low temperature. The hole carrier density sharply increases
and almost saturates as the positive gate voltage is increased
[Fig. 6(b)]. This is in contrast to the typical behavior where
electron injection should be observed. The rigid band model
seems invalid in this case as expected for a Mott-FET. Under
a high gate voltage, RH is almost constant below 20 K, and
the carrier density is therefore gapless. Taking into account
the fact that the hole density saturates in Fig. 6(b), we
simulated RH vs Vg plots using the classical two-carrier model
with assumptions that (i) the density of injected electrons is
negligible compared to that of the hole carriers and (ii) the hole
density is constant (for details, see Experimental section). As
shown in Fig. 6(c), the simulation reproduces the data well at
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various temperatures, implying that the positive gate voltage
causes an increase not in the hole density but in the hole
mobility. Assuming that the active layer of the present FET is a
monolayer of BEDT-TTF, as is the case with other OFETs,36,37

the Hall coefficient under a gate voltage gives a 2D carrier
density corresponding to one hole per dimer, or approximately
90% of the first Brillouin zone (1.6×1014 cm−2). The above
result suggests that the field-induced state has a high density of
states comparable to the metallic (merged band) state around
the Fermi level. Note that the injected electron density is only
6.7 × 1012 cm−2 even at Vg = 120 V (Vth = 62 V).

C. Thermopower

The band structure of κ-Br is anisotropic because the
Fermi surface protrudes over the first Brillouin zone bound-
ary [Fig. 1(c)]. In fact, anisotropic thermopower has been
reported in a bulk crystal of κ-Br, with positive (negative)
values along the a(c) axis.25 If a high gate voltage recovers
this anisotropy with a T -linear temperature dependence,
restoration of the Fermi surface in the merged band is
suggested, which coincides with the results of the Hall-effect
measurements. Furthermore, a study of thermopower is likely
to provide additional insights into the ground state under a
gate voltage, because thermopower is thought to be almost
unaffected by disorder. To measure the thermopower, a thin
crystal of κ-Br was formed into a cross shape, as shown
in Fig. 7(a), with the arms parallel to the a and c axes,
as confirmed by polarized microscopy (cross Nichols). The
arrangement of the crystal, heaters, and thermometers is
shown in the figure. At room temperature, the thermopower
along the a axis is clearly positive, while weak and ambiguous
signals are observed along the c axis, which is the same
as for measurements on bulk crystals. In the strain-induced
semiconducting region, the thermopower is positive in both
directions and has almost the same absolute value. The
upper two panels of Fig. 7(b) show the positive thermopower
dependence on the thermal gradient at Vg = 0 V. It exhibits
semiconducting behavior, being proportional to the inverse of
temperature. At temperatures below 20 K and in the absence
of a gate voltage, the thermopower becomes immeasurable
with the nanovoltmeter used because of the high resistance.
However, it becomes measurable again when a positive
high gate voltage is applied, and exhibits anisotropy along
the two crystal axes [Fig. 7(b), lower two panels]. Figures
7(c) and 7(d) show the gate-voltage dependence of the
Seebeck coefficient in the a and c directions, respectively.
Although some data are missing because of the difficulty
in the measurements, the Seebeck coefficient in the c-axis
direction switches from positive to negative upon applying
a high gate voltage. As shown in Fig. 7(e), at high gate
voltages, the absolute value of the thermopower decreases
with temperature. This suggests the presence of a T -linear
component in the Seebeck coefficient, which also indicates
a metalliclike behavior on the surface. We thus observed
anisotropic and metallic behavior of the thermopower, whereas
the conductivity remained slightly semiconducting. What is
the reason for this apparent difference in the behavior of the
conductivity and the thermopower? As the conductivity and
Hall measurements indicate, under an applied gate voltage,
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FIG. 7. (Color) (a) Schematic and optical images of the sample
under the crossed Nichols condition. The heaters and thermometers
are each connected with two Au wires, although the wires are
omitted for clarity. (b) Temperature difference vs voltage plots at
T = 20 and 40 K, for Vg = 0 and 120 V, along each crystallo-
graphic axis. The red curves show the thermopower for positive
heater current (heater 1), while the blue curves show the case
for heat reversal (heater 2). (c) Gate-voltage dependence of the
thermopower along the a axis. (d) Gate-voltage dependence of
the thermopower along the c axis. (e) Temperature dependence
of the thermopower for Vg = −80 and 120 V, along the a axis.

the mobility of the carriers is thermally activated but the
carrier density is almost temperature independent. According
to Cutler and Mott,38 the presence of disorder does not change
the theory of thermopower generation because “metallic”
thermopower can be observed even in hopping transport as
long as there is finite density of states at the Fermi level
[Eq. (9) in Ref. 35]. Actually, the thermopower in degenerate
semiconductors exhibits a metallic T -linear behavior even if
the conductivity remains semiconducting. Likewise, under an
applied gate voltage, κ-Br can be considered to be degenerate;
that is, the Fermi energy is located within an energy band,
but its resistivity increases with decreasing temperature due
to the microscopic hopping energy39 that probably originates
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FIG. 8. (Color online) Schematics of the field effect in the
Mott-insulating state of κ-Br. In the lower route, ESD enhances
the screening effect and the effective Coulomb repulsive energy is
reduced, resulting in a decrease in the hopping energy. The shape and
amplitude of the DOS are simplified. The thickness of the shaded
area in the middle of the band represents the viscosity of the carriers.

from coexisting random potential fluctuations (disorder and/or
electron-lattice coupling) and Coulomb interactions.

D. Discussions

Here we discuss the effect of ESD, first considering the
undoped (zero gate voltage) and highly doped (high gate
voltage) states, and then examine how those states can be
connected with a sweeping gate voltage. First, when no gate
voltage is applied, there is an energy gap of approximately
200 K for carrier excitation, as the temperature dependence
of the Hall effect shows. This effective charge gap originates
from the competition between the Mott-Hubbard gap and the
kinetic energy of the carriers. As long as they are observed in
the Hall effect, the upper and lower Hubbard bands should be
separately described in the energy spectrum of the density of
states above and below the Fermi level, as shown in the left
panel of Fig. 8. On the other hand, under high gate voltage,
the Hall effect and conductivity results indicate a gapless
state where the carrier density is temperature independent and
the mobility is thermally activated, i.e., hopping transport.38

In addition, the thermopower, which is affected very little
by the random potential as discussed by Cutler and Mott,
exhibits a metallic, anisotropic behavior. Since the anisotropic
thermopower originates from the folding of the Fermi surface
on the Brillouin zone boundary, this result suggests that the
Fermi surface on the FET channels is not a small pocket
but is large enough to protrude over the first Brillouin zone
boundary. Therefore, it is suggested that the Fermi energy
lies not in localized “tail” states, but in the middle of a band.
At the same time, the carrier density derived from the Hall
measurements is comparable to that in the metallic state, and
the carriers are clearly holes, showing that the Fermi level
is far beyond the bottom of a band. The energy spectrum is
therefore formed as shown in the right panel in Fig. 8, where
the upper and lower Hubbard bands have become merged, and
consequently the Fermi level is located in the middle of the

merged band, describing a half-filled metal. The conductivity
is still semiconducting because of the thermal activation of the
mobility, probably due to the effect of randomness coupled
with correlation. Although it is possible that a small gap such
as a soft Coulomb gap still exists, this is difficult to detect in
our experiment since the system is degenerate down to 2 K.
Another indication of the presence of the merged band can also
be found in the monotonic decrease of σ (T ) under positive gate
voltage. Since the activation energy Ea for σ can be a rough
measure of the value of EC − EF in the rigid band model, an
upturn in dσ/dT can be expected at temperatures higher than
those corresponding to the observed Ea values if the Fermi
level is located close to the band tail.38 No positive dσ /dT

was observed, however, in the present study, although Ea

ranges from 0.3 to 15 meV, which corresponds to 3.5–175 K.
This again supports our assumption that the Fermi level is far
from the bottom of the band under high gate voltage, and the
conductivity is governed by thermal activation of the carrier
mobility, and not by the carrier density.

Finally, we consider the path from the initial (ungated)
to the final (highly gated) state based on the gate-voltage
dependence of various parameters. If the rigid band model
applies to the intermediate state of our Mott-FET, electron
carriers should be observed in the early stages of ESD
with a small positive gate voltage. In our experiment, on
the other hand, we found only a sharp rise in the hole
density without any signals due to independent electrons, and
moreover, the hole density is too high to be induced by a
conventional field effect with a SiO2 insulator. This means
that the positive gate voltage shifts the chemical potential
in a direction that depletes the hole population and makes
the holes better screened to result in a delocalization due to
the decrease of the correlation. Therefore, it is likely that the
finite doping immediately merges the Hubbard bands, and the
increasing gate voltage continuously enhances the mobility
of the constant-density hole carriers, as if the solidified holes
entered a mobile glassy state that is originating from the effect
of randomness coupled with correlation. Many of our results
are consistent with theoretical considerations in the sense that
no indication of phase separation is observed and divergence
of the charge compressibility appears as a half-filled condition
is approached.40,41 The sudden merger of the two Hubbard
bands at a finite doping level has also been addressed in a
recent calculation.42

Although further theoretical consideration is necessary, our
results describe a simple picture in which carrier doping of a
Mott insulator causes the solidified holes to behave as a viscous
fluid whose viscosity, characterized by the activation energy of
the mobility Ea , continuously decreases with increasing ESD
(i.e., increasing Vg). This observation is worth comparing to
the complicated situation in high-Tc cuprates. In the case of
underdoped cuprates, there appears a Fermi arc which can be
regarded either as a small pocket or a dense part of a large Fermi
surface. However, local disorders such as Jahn-Teller distortion
and dopant effects make it difficult to discuss the underlying
mechanism. The simplicity of the MT in our Mott-FET, on
the other hand, allows a clean filling-controlled MT, and thus
may lead to an understanding of pseudogaps in cuprates from
a different angle, since the dimensionality and topology of the
κ-Br Fermi surface are similar to those of cuprates.
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IV. CONCLUSIONS

We observed a filling-controlled MT in a FET channel.
A finite carrier doping level produced by an electric field
evokes a transition from a gapped Mott insulator to a gapless
surface state, which describes a simple picture of an electric-
field-induced MT. The transition is rather continuous, and the
conductivity is controlled by the change of carrier mobility
modulated by the electrostatic-doping level. This finding
clearly discriminates the mechanism of Mott-FET from that of
MOS-FET. The shift in the band filling (doping concentration)
in this study is not large, at most 0.04 when Vg = 120 V. In
order to reach high doping concentrations, application of other
gate insulators such as electric double layers or ferroelectric
materials might be effective. The presence or absence of
metallic conductivity, a pseudogap, and superconductivity at

higher doping concentrations, in addition to the possibility
of a room-temperature MT-FET, are subjects for future
investigation.
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