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Unified trend of superconducting transition temperature versus Hall coefficient for ultrathin FeSe
films prepared on different oxide substrates
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High transition temperature (Tc) superconductivity in FeSe/SrTiO3 has been widely discussed on the possible
mechanisms in conjunction with the various effects of interface between FeSe and SrTiO3 substrate. By
employing an electric-double-layer transistor configuration, which enables both the electrostatic carrier doping
and electrochemical thickness tuning, we investigated the interfacial effect on the high-Tc phase at around 40 K
in FeSe films deposited on SrTiO3, MgO, and KTaO3 substrates. The systematic study on thickness dependence
of transport properties under a certain gate voltage reveals the universal trend of the onset Tc against the Hall
coefficient in all the FeSe films, irrespective of the substrate materials in which the different contribution of
interfacial effect is expected. The independence of the highest Tc on substrate materials evidences that the
high-Tc superconductivity at around 40 K does not primarily originate from a specific interface combination but
from a charge carrier filling at specific electronic band structure.
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I. INTRODUCTION

Interface superconductivity has been explored for its exotic
paring mechanism [1–4], and for potential controllability
using electric field [5,6] or interface engineering [7,8]. The
recent discovery of high transition temperature (high-Tc)
superconductivity in monolayer (ML) iron selenide (FeSe)
[9] is on the track of these prospects, boosting the fascinating
effect at the interface between FeSe and oxides [10–12]. Based
on the insights from scanning tunneling spectroscopy [10] and
angle-resolved photoemission spectroscopy (ARPES) [11–13]
revealing the superconducting (SC) gap closing temperature as
high as 65 K, the suggested interfacial effects of FeSe/SrTiO3

on its high-Tc superconductivity involve charge transfer from
substrate [11,14,15] and modulation of electronic structure of
FeSe [13,16]. In addition, electron-phonon coupling between
FeSe and SrTiO3 [12,17] and in-plane tensile strain [18,19] are
proposed to play a role. In contrast to the gap measurements,
the onset Tc (T on

c ) in transport measurements has reached about
40 K for various configurations including FeTe/Si-capped 1
ML FeSe on SrTiO3 [10,20–22], electric-double-layer (EDL)
transistor with FeSe/SrTiO3 [23,24], FeSe/MgO [23], and
single crystal flakes on SiO2/Si [25]. In particular, the
experiments of electrostatic doping in such EDL transistors
point out the importance of the electron accumulation and/or
band bending for inducing high-Tc superconductivity at about
40 K [23]. However, since the mismatch between 65 K from
in situ gap measurement and 40 K from ex situ transport
measurement is still under debate, it has not been resolved
what plays the most central role to high-Tc superconductivity
in FeSe on oxide substrates [12].

In cuprate superconductors, the Hall effect measurement
at the normal state has provided intuitive understanding of
the electronic phase involving high-Tc superconductivity in
different doping concentrations [26,27]. Similarly, in the case
of Fe-based superconductors, it is important to clarify the
link between the superconducting and the normal electronic
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states with different doping levels for deeper understanding
of its origin [28,29]. Especially, FeSe is a particular system
characterized with small Fermi surfaces in bulk single crystals,
exhibiting a BCS-BEC crossover [30]. However, the Fe-based
superconductors generally possess a semimetallic electronic
structure; with hole pocket at the � point and electron pocket at
the M point, which makes analyzing Hall effect more difficult.
In this study, by combining the Hall effect measurements
with electrochemical etching in the FeSe-based EDL transistor
(FeSe-EDLT) configuration shown in Fig. 1(a), we found a
universal trend of T on

c as a function of the Hall coefficient in
normal state at 50 K regardless of oxide substrate materials. In
addition, we quantitatively extracted the thicknesses of charge
accumulation layers at the ionic liquid (IL)/FeSe interface
(dEDL) and of charge transfer layers at the FeSe/oxide substrate
interface (dCT) [Fig. 1(b)]. Our finding recalls the importance
of charge transfer among the variety of interfacial effects as
well as electrostatic tuning of charge balance in FeSe-EDLT.

II. EXPERIMENTAL DETAILS

In this study, we employed SrTiO3 (001), MgO (001), and
KTaO3 (001) insulating substrates for transport measurements
of FeSe thin films. The epitaxial FeSe films with thickness
d = 14.0, 10.4, and 26.7 nm were deposited on SrTiO3,
MgO, and KTaO3, respectively, by pulsed-laser deposition
at the substrate temperature of 300 °C. After the growth, the
films were annealed in situ at 450 °C for 30 minutes to obtain
better metallic transport properties [23]. There is no clear
difference in FeSe film quality on different substrate materials
as confirmed by rocking curve of FeSe (001) x-ray diffraction
peak and atomic force microscopy. Figure 1(c) shows an
optical micrograph of the Hall-bar-shaped FeSe-EDLT, which
was formed using the metal shadow mask during deposition.
Indium pads and a platinum film were used as Ohmic
contact electrodes and a side gate electrode, respectively.
All the indium pads were covered with silicone sealant to
prevent any possible chemical reaction with IL. Finally,
IL, N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium
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FIG. 1. (a) Schematics of layer geometry of FeSe-EDLT on oxide
substrate and (b) corresponding conduction band minimum (CBM,
solid red line) at the M point and valence band maximum (VBM,
solid blue line) at the � point. The length scales d,dbulk,dEDL, and dCT

indicate thicknesses of total FeSe film, bulky middle layer, electron-
rich layers from EDL, and from substrate, respectively. (c) Optical
micrograph of FeSe-EDLT with Hall bar geometry. S and D stand for
source and drain electrodes.

bis(trifluoromethanesulfonyl)imide, was put on the channel
and gate electrode. The sheet resistance (Rs) was measured
by standard four-terminal method. The gate voltage (VG)
was applied using source-measure unit while simultaneously
measuring gate leakage current (IG). As reported in Ref. [23],
we can perform both the electrostatic carrier tuning and

electrochemical etching using this type of EDLT device by
precisely tuning the sample temperature (T). While T was
kept at 220 K to control the doping level without etching,
T was increased at around 240 K while keeping VG at 5 V
to induce the electrochemical etching. Rs-T curves were
measured after each etching cycle or after each electrostatic
discharging event. The Hall effect measurements were done
in the normal state at T = 50 K in the perpendicular magnetic
field (B) ranging from −9 T to +9 T. The film thickness for
each Rs-T curve was calibrated by the temporal integration of
IG under the assumption that the etching rate was proportional
to IG [23]. The error value of thickness was defined by the
initial surface roughness, which was almost equal to the
etch-stopped surface roughness [23].

III. RESULTS AND DISCUSSION

Figures 2(a)–2(f) show the T dependence of the normalized
Rs (top panels) at B = 0 T and B dependence of the Hall
resistance (RHall) at T = 50 K (bottom panels) of FeSe-EDLTs
on SrTiO3 [Figs. 2(a) and 2(d)], MgO [Figs. 2(b) and 2(e)]
and KTaO3 [Figs. 2(c) and 2(f)] at different thickness. All
the films exhibit clear SC transitions with zero resistance
when the films are thinner than certain critical thicknesses.
The overall trend of thickness dependence in FeSe/SrTiO3 and
FeSe/MgO is consistent with the previous report [23]; T on

c at
about 40 K appears in a thicker condition than 1 ML (∼0.6 nm).
In addition, we observe that the Rs-T curve for FeSe-EDLT on
KTaO3 shows SC transition reaching zero resistance at very
thick 25 nm with T on

c ∼ 20 K as shown in Fig. 2(c).
As for the Hall effect measurements in Figs. 2(d)–2(f), the

sign of Hall coefficient [RH = (RHall/B)d] is initially positive
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FIG. 2. Normalized sheet resistance with respect to T = 100 K (denoted R/R100 K) as a function of temperature for FeSe on (a) SrTiO3,
(b) MgO, and (c) KTaO3 substrates. The arrow in Fig. 2(a) indicates the T on

c at which extrapolated lines from the normal state and the
superconducting transition region intersect. The corresponding Hall resistance RHall measured at T = 50 K are shown for FeSe on (d) SrTiO3,
(e) MgO, and (f) KTaO3 substrates. Color code reflects film thickness.
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FIG. 3. Thickness dependence of (a) T on
c and (b) RH at T = 50 K

for the FeSe-EDLT on SrTiO3 (green), MgO (red), and KTaO3

(purple) substrates. (c) (Top) Schematic image of electronic band
structure of FeSe film at different thickness regions. (Bottom) A
sketch of thickness dependence of RH for FeSe-EDLT in this study.

for all the films, indicating the contribution of hole carriers
dominates the conduction even under VG = 5 V. However,
the slope of RHall gradually varies from positive to negative
against thickness reduction. The positive slope at the thick
condition implies that the FeSe film behaves like bulk with
the carrier density in hole pocket at the � point being higher
than that in electron pocket at the M point [31]. In contrast, the
sign change in RH in the thinner condition evidences that the
dominant carrier type converts to electron. By taking RH ∼
−0.33 cm3/C for 2.9-nm-thick FeSe on MgO, the electron
concentration extracted in the usual manner n = 1/RHe is
1.9 × 1022 cm−3. This value agrees well with the transport
data at 50 K previously reported in the FeTe/Si-capped 1 ML
FeSe/SrTiO3 [22], which strongly depends on measurement
temperature. RH in FeSe may not reflect the actual carrier
density as discussed on strong temperature dependence of
cuprates [32,33]. As far as we applied B up to ±9 T, the
nonlinear RHall, typical two-band behavior, was not observed,
indicating that the semimetallic feature is not confirmed in our
measurements.

T on
c obtained from Figs. 2(a)–2(c) and RH from Figs. 2(d)–

2(f) are summarized in Figs. 3(a) and 3(b) as a function of
film thickness, respectively. T on

c is defined as the temperature
at which extrapolated lines from the normal state and the
superconducting transition intersect as indicated in Fig. 2(a).
As shown in Fig. 3(a), T on

c increases toward a saturated
value at about 40 K with reducing the thickness for all the
substrates. Note that Rs(T ) in the initial thick condition with

applying VG = 5 V shows no sign of high-Tc SC, implying the
electron accumulation layer under the gate voltage does not
solely exhibits zero resistance [23]. The critical thickness dc

for observing zero resistance with high-Tc phase depends on
substrate materials. As presented in Figs. 2(a) and 2(b), the
Rs-T curves after the first etching did not show zero resistance
at d ∼ 13 nm and ∼5.8 nm for FeSe-EDLTs on SrTiO3

and MgO substrates, respectively. Further thickness reduction
develops the superconductivity to exhibit zero resistance at
d ∼ 12 nm and ∼2.9 nm. Therefore, dc resides between these
values. Here, we determined dc ∼ 12 ± 1.0 nm for SrTiO3,
∼4.5 ± 1.0 nm for MgO. These values are consistent with
those in the previous work within thickness error bars: dc is
9.6 ± 1.0 nm for SrTiO3 and 5.9 ± 1.0 nm for MgO substrates
[23]. However, high-Tc superconductivity in the FeSe-EDLT
on KTaO3 was observed after the first etching. This implies
that dc ∼ 26 ± 1.0 nm for FeSe film on KTaO3 is only lower
limit and it may be thicker than that estimated in Fig. 3(a)
when the initial film is thicker. Each different film thickness
was intentionally designed after preliminary experiments for
roughly estimating dc. As shown in Fig. 3(b), RH at 50 K
monotonically decreases with reducing thickness and finally
its sign is reversed to negative value at d = dH. It is revealed
that the linear slopes of RH-d (dotted lines) shows an almost
constant value in three samples although thickness region is
different.

The behavior of the RH-d curve can be interpreted with
the modification of the charge distribution along the film
thickness as illustrated in Figs. 1(b) and 3(c). Under the
application of VG, RH detects the sum of electron conduction
in the top and bottom layers with the thickness dEDL and dCT,
respectively, and hole conduction in the middle bulky layer
dbulk. In a thick condition (d � dEDL + dCT), the semimetallic
bulk characteristics govern the positive RH [right of Fig. 3(c)].
The reduction of thickness modulates the relative contributions
of electron-rich and hole-rich layers, so that the measured RH

consists of the averaged signals from both the contributions
in the medium thickness region [center of Fig. 3(c)]. Then, in
the thin region (d � dEDL + dCT), the electrons at the M point
become dominant carriers [left of Fig. 3(c)]. In this picture,
the reduction of RH with constant slope consequently indicates
that the bulky hole-rich region dbulk is effectively reduced with
no variation of dEDL and dCT during etching under the constant
VG. In other words, the constant slope evidences that electronic
property of bulky FeSe region on three samples is reliably
reproducible at the identical film growth conditions.

T on
c are plotted in Fig. 4 against RH at 50 K to exemplify

the relationship. A unified trend of T on
c against RH is clearly

observed although each data point corresponds to different
film thickness on three substrates in Figs. 3(a) and 3(b).
The highest T on

c at 40 K is achieved when RH becomes
close to zero or negative. This plot evidences that a certain
amount of electron accumulation universally induces the
superconductivity at 40 K under the same VG, regardless of
film thickness and substrate materials. It turns out that the
high-Tc superconductivity links to charge balance in FeSe
films. Unfortunately, the detail electron/hole filling cannot
be discussed due to the linear RHall-B curve in this work.
Therefore, much higher magnetic fields may provide a detailed
picture of charge filling situation.
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FIG. 4. T on
c as a function of RH at T = 50 K for FeSe-EDLT on

SrTiO3 (filled green circles), MgO (filled red triangles), and KTaO3

(filled purple squares). The data for another FeSe-EDLT on KTaO3

during etching before the discharging experiments presented in Fig. 5
is also plotted (open purples squares).

We also performed discharging experiments by removing
VG in fixed FeSe thickness to compare T on

c -RH relationship
in electrostatic mean. The experiments were conducted for
1-nm-thick FeSe on KTaO3 in Figs. 5(a) and 5(b) and
2.9-nm-thick FeSe on MgO in Figs. 5(c) and 5(d). For the
KTaO3 substrate, the negative slope in the initial RHall-B
curve with VG = 5 V (red) remains even after removing VG

to zero (purple) as shown in Fig. 5(b). The results elaborate
the presence of the charge transfer from KTaO3 substrate.
In contrast, the 2.9-nm-thick FeSe on MgO shows clear
superconductor-to-insulator transition by removing VG to zero
as shown in Fig. 5(c). Here, we chose 2.9-nm-thick condition
because of just thinner than dH. The negative slope in the initial
RHall-B curve (red) with electron-dominated conduction under

VG = 5 V gradually converts to positive value with removing
VG, implying the hole-dominated conduction recovers. This
result supports our suggestion that the charge transfer from
MgO substrate can be ignored and the electrostatic electron
accumulation at IL/FeSe interface dominates the transport and
superconductivity [23].

Figure 5(e) summarized the data for 1-nm-thick FeSe
on KTaO3 (open purple squares) and 2.9-nm-thick FeSe on
MgO (open red triangles) in discharging experiments. For
comparison, the previous electrostatic studies in 10-nm-thick
FeSe-EDLT on SrTiO3 [24] (filled gray squares) are presented.
Linear dependence of the T on

c -RH curves in 1-nm-thick FeSe-
EDLT on KTaO3 and 2.9-nm-thick FeSe-EDLT on MgO in
this study is similar to the 10-nm-thick FeSe-EDLT on SrTiO3

substrate. This is a stark contrast to the universal trend in
Fig. 4. The difference may come from the different origin of the
measured RH; the charge balance of hole-rich and electron-rich
layers changing with thickness (Fig. 4) and the balance of
hole- and electron-band contributions changing with the Fermi
energy or VG [Fig. 5(e)], although in both cases, the band
bending effect induces the high-Tc superconductivity at around
40 K in FeSe.

Finally, we address the length scale of the charge distri-
bution in FeSe-EDLT. The comparison of dc and dH among
three different substrate materials as shown in Fig. 3 allows
a rough estimation of dEDL,dCT, and the SC order parameter
penetration lengths due to the proximity effect, ξEDL

N and ξCT
N ,

from the top and bottom electron-rich layers, respectively,
according to the following assumptions. (1) The sign change
in RH at 50 K occurs in d < dH = dEDL + dCT when whole
film is governed with the electron-rich layer. (2) The zero
resistance is observed in d < dc = dEDL + ξEDL

N + dCT + ξCT
N

when the whole thickness contributes the high-Tc SC phase.
In the case of MgO, it is plausible that dH = dEDL owing to no
charge transfer from substrate. Therefore, we can first define

FIG. 5. (a) R/R100 K-T curves for discharging experiments for 1.0-nm-thick FeSe on KTaO3. (b) The corresponding Hall resistance measured
at T = 50 K. (c), (d) The same data set for 2.9-nm-thick FeSe on MgO. Color code reflects the degree of discharging. (e) T on

c -RH curve for
discharging experiments on 2.9-nm-thick FeSe/MgO (open red triangles) and 1.0-nm-thick FeSe/KTaO3 (open purple squares). Arrows indicate
the direction of removing VG. For comparison, the data for 10-nm-thick FeSe EDL transistor [24] (filled gray squares) are also plotted.
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dEDL ∼ 3 nm for all the films. As for the FeSe on SrTiO3, dH =
dCT(STO) + dEDL = 7 nm with the presence of charge transfer
at the bottom interface, leading to dCT(STO) ∼ 4 nm. To apply
the same analysis to the data set in KTaO3, we estimate
dH ∼ 16 nm by extrapolation of the positive slope to RH = 0,
resulting in dCT(KTO) ∼ 13 nm. Such thick dCT(KTO) may
originate from a large amount of charge transfer by polar
discontinuity at the interface between (TaO2)+ surface [34,35]
and nonpolar FeSe and/or by the efficient band bending
effect originating from the different work functions of KTaO3

and FeSe [36]. The last issue to be discussed is the SC
order parameter penetration length. Using dEDL ∼ 3 nm and
dc ∼ 4.5 nm for MgO in the absence of charge transfer, ξEDL

N ∼
1.5 nm. When applying dEDL + ξEDL

N ∼ 4.5 nm to SrTiO3

and KTaO3, we obtain ξCT
N (STO) ∼ 3.5 nm and ξCT

N (KTO) >

8.5 nm. It is plausible that ξCT
N monotonically increases with

increase in dCT. The obtained ξCT
N (STO) is larger than that

below 2 ML supposed by ARPES measurements [15]. This
indicates that the band bending effect by IL gating en-
hances the ξCT

N (STO) and critical thickness exhibiting high-Tc

superconductivity.

IV. CONCLUSION

In conclusion, we investigated the substrate material de-
pendence of superconducting properties in FeSe-EDLT to
exemplify the interfacial effects at FeSe/oxides. A universal
trend between T on

c and RH at 50 K indicates significance of
charge balance in the sample to obtain high-Tc superconduc-
tivity in FeSe films. The dependence of critical thickness dc on
substrate indicates that the length scale of charge transfer into
FeSe strongly depends on substrate material. Our findings draw
up a guideline to expand the interface (two-dimensional) into
bulk (three-dimensional) superconductivity within the films by
introducing electric field and interface engineering.
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