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Temperature dependence of the superconducting gap of single-layer FeSe/SrTiO3:
Direct comparison between transport and spectroscopic measurements
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We studied the superconducting properties of the one-unit cell FeSe grown on high-doped SrTiO3(001) (STO)
substrate by in situ transport and angle-resolved photoemission spectroscopy (ARPES) measurements. By com-
paring with previous data taken for the low-doped STO substrate [Phys. Rev. Lett. 124, 227002 (2020)], it was
revealed that the onset of superconductivity occurs at ∼40 K irrespective of the STO doping level. Furthermore,
from the temperature dependence of the critical current, we were able to deduce the superconducting gap that
is relevant in the transport phenomena, which gradually increases by cooling the sample down from 40 K. In
contrast, the coherent peak emerges at 60 K that likely corresponds to the Cooper pair formation, while the
leading edge shift near the Fermi level is clearly observed at 40 K in the ARPES spectra. We speculate that the
STO surface presumably acts as an effective “disorder” in this system and the Cooper pairs are preformed well
above the onset of the resistance drop.
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I. INTRODUCTION

Superconductivity in two-dimensional (2D) materials has
attracted interest for a long time. Nowadays, not only the
classical granular or amorphous films [1,2] but atomically thin
single-crystalline films [3–5] have been found to show super-
conductivity and their exotic properties are discussed in terms
of quantum phase transition [6,7] or the effect of the spin-orbit
coupling [8,9]. In general, the transition temperature (Tc) of
2D superconductors is low. However, monolayer (single unit
cell, 1UC) FeSe grown on SrTiO3(001) surface (STO) has
been under intense investigation since the Tc was reported
to be over 40 K, which is much higher than that of the bulk
(∼8 K). Although the importance of the FeSe/STO interface
has been recognized, the reported value of Tc varies greatly
between different reports. In situ four-point-probe (4PP) mea-
surements that characterize the intrinsic transport properties
have not even reached the same conclusion. Whereas the
initial report on 1UC FeSe/high-doped STO reported Tc ∼
109 K [10], the following reports using low-doped substrates
only showed a T onset

c of 40 K as well as zero resistance
at T0 ∼ 15–30 K [11,12]. The latter was consistent with the
results of ex situ transport measurements [13]. Furthermore,
Ref. [12] showed from in situ angle-resolved photoemission
spectroscopy (ARPES) measurements on the same sample
that the gap in the ARPES spectra can be observed above
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T onset
c up to 60 K, suggesting the presence of pseudogap states

where the Cooper pairs are likely formed but are incoherent.
As such, the exceptionally high Tc ∼ 109 K reported on

1UC FeSe/high-doped STO substrate [10] needs further veri-
fication. Furthermore, the relation between the transport data
and the evolution of the gap in spectroscopic studies should
be examined. Thus, in the present study, we aimed to clarify
these aspects and performed in situ 4PP transport and ARPES
measurements on the same 1UC FeSe film grown on a high-
doped STO substrate. By comparing with our previous results
for the sample formed on low-doped STO [11], we found that
the Tc of the 1UC FeSe/STO does not depend on the substrate
doping level (T onset

c ∼ 40 K). By focusing on the temperature
dependence of the critical current, we deduced the tempera-
ture dependence of the macroscopic superconducting gap that
is relevant to charge transport. It showed a monotonic increase
from T onset

c . In contrast, the coherence peak emerged at 60 K,
whereas the leading edge shift near the Fermi level shows a
prominent change at 40 K in ARPES. This likely shows the
presence of preformed Cooper pairs due to the STO surface
potential which effectively acts as “disorder.” Our results point
to the importance of correctly identifying the meaning of the
measured “energy gap” in each experimental method.

II. EXPERIMENT

A commercially available Nb-doped SrTiO3(001)
(0.5 wt. %, Shinkosha) was used as the substrate. After
degassing at 500 ◦C in ultrahigh vacuum overnight, the
samples were etched under Se flux at 950 ◦C for 30 min [14].
Further annealing without flux at 700 ◦C for 30 min completes
the formation of the atomically ultraclean surface of STO
evidenced by the sharp

√
13 × √

13 patterns in the reflection
high-energy electron diffraction (RHEED), as shown in
Fig. 1(a). The 1UC FeSe was formed by codepositing Fe
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FIG. 1. (a) RHEED pattern of the SrTiO3(001)
√

13 × √
13 sur-

face after cleaning the high-doped wafer in UHV. (b) RHEED pattern
of 1UC FeSe after film growth on the high-doped STO substrate.
(c) Band dispersion of the 1UC FeSe film grown on the high-doped
STO at the � point, showing the hole band below EF . The mea-
surement was performed at 25 K. (d) Band dispersion of the 1UC
FeSe film grown on the high-doped STO at the M point, showing the
electron pocket at EF . The measurement was performed at 60 K. (e)
Temperature dependence of the sheet resistivity Rs for the 1UC FeSe
film grown on the high-doped STO. The inset shows the actual probe
configuration.

(99.5%) and Se (99.999%) with a flux ratio of 1 : 10 with
the substrate temperature at 400 ◦C. The RHEED oscillation
was used to determine the film thickness. The grown films
were postannealed at 450–570 ◦C by gradually increasing the
temperature for 30 min. The band structure was measured
in each step to ensure the optimum annealing condition
that shows the proper doping level for the occurrence of
superconductivity as shown in Fig. S1 [15]. The high quality
of the grown film is assured also from the RHEED pattern
shown in Fig. 1(b).

ARPES measurements were performed in situ after the
sample preparation with a commercial hemispherical pho-
toelectron spectrometer equipped with angle and energy
multidetections (ScientaOmicron R4000) with He Iα radia-
tion (21.2 eV) at 25–90 K. The energy resolution was set
to ∼10 meV. The Fermi level was determined by measuring
the Ta plate of the sample holder fixing the STO substrate as
shown in Fig. S2 [15].

Transport measurements were performed in situ after the
ARPES measurements. The system has four probes which
can move independently and by touching the surface of the
sample, 4PP resistance measurements can be performed in
UHV [inset of Fig. 1(e)] [11]. The measurements were per-
formed down to 8 K in the present experiment. We employ
the dual-configuration method near zero bias to deduce the
sheet resistivity Rs and the I − V curves shown are those for
the Ra configuration [11,16].

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the RHEED patterns of the
STO substrate with the

√
13 × √

13 periodicity (a) and the
grown 1UC FeSe film (b), respectively. One should note that
the features of the RHEED pattern are similar to those for the
nondoped substrate sample reported in Ref. [11]. Thus one
can be sure that the sample quality does not depend on the
STO substrate.

An advantage to using the high-doped STO substrate is
that low-temperature ARPES measurements are possible. We
have performed ARPES measurements as shown in Fig. S1 to
obtain the optimum annealing condition [15]. Figures 1(c) and
1(d) show the band dispersion images of the 1UC FeSe film
at the � (c) and M (d) points after the optimum annealing,
respectively. The well-known hole band at � and electron
pocket at M for the superconducting 1UC FeSe can be rec-
ognized [17,18]. Note that Fig. 1(d) was taken at 60 K and
is showing some intensity at the Fermi level as discussed in
detail below. This also reassures one that the films we have
grown are of high-quality and there are no regions in the
sample where the film thickness exceeds 1UC [18,19]. The
energy of the top of the hole band at the � point, the energy of
the bottom of the electron pocket, and the Fermi wave number
are all nearly the same as the data in the literature for the
optimally annealed 1UC FeSe/STO [12,17,19]. Thus one can
be sure that the electron doping level in the present system is
maximized to verify the highest possible Tc in this system.

In contrast, 4PP resistance measurements become difficult
on samples formed on the high-doped STO since the substrate
itself becomes conductive. However, we were able to measure
such low resistance and the temperature (T ) dependence of
the 2D sheet resistivity (Rs) is shown in Fig. 1(e). Figure 2(a)
shows the comparison between the present sample and that
for the low-doped substrate reported in Ref. [11]. Note that
the values of Rs for the present sample are in the order or
0.1 �, which is 10 000 times smaller than the values for the
low-doped STO wafer. Thus the STO substrate contribution is
included in the present experiment, which is reflected in the
difference of the T -dependent behavior for the two samples
above ∼40 K in Fig. 2(a). In contrast, one can notice a sudden
drop of Rs below ∼40 K for both samples. Namely, Rs drops
from 2 k� at 44 K to 20 � (nearly zero compared to the
normal resistance) at T0 ∼ 13 K, while Rs decreases from 0.2
� at 38 K to 0.08 � at T ∼ 15 K. The behavior of the 1UC
FeSe grown on the low-doped substrate was unambiguously
assigned as a superconducting transition [11], similar to other
works [12–14]. Thus, although a clear zero resistance was not
detected for the 1UC FeSe grown on the high-doped STO due
to the substrate contribution, it can be said that the sudden
drop at 38 K corresponds to the occurrence of superconductiv-
ity. This shows that the superconducting transition of the 1UC
FeSe/STO system occurs universally at the onset temperature
T onset

c of ∼40 K, irrespective of the STO substrate.
Evidence of the occurrence of superconductivity can also

be found in the I − V curves as shown in Figs. 2(b) and
2(c). While the I − V curves for the normal state above T onset

c
show a linear behavior [Fig. 2(b)], it becomes nonlinear at
15 K [Fig. 2(c)]. This behavior is also universal irrespec-
tive of the STO doping level. Note that I − V characteristics
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FIG. 2. (a) Temperature dependence of the sheet resistivity Rs

for the 1UC FeSe film grown on the high-doped STO (red) shown
together with that for the 1UC FeSe film grown on the nondoped
STO (blue) reported in Ref. [11]. (b) I − V characteristics at 45 K for
the 1UC FeSe grown on the high-doped (red) and nondoped (blue)
STO substrates. Both are linear and reflect the nonsuperconducting
character. (c) I − V characteristics at 15 K for the 1UC FeSe grown
on the high-doped (red) and nondoped (blue) STO substrates. Both
are nonlinear and reflect the superconducting character. The critical
current I±

c is defined at the point where the straight line extracted
from nonsuperconducting sides crosses the abscissa. (d) Extracted
I±
c plotted as a function of the temperature for the 1UC FeSe film

grown on the high-doped STO.

obtained by point probes do not show a jump from zero
voltage to ohmic behavior typical for a superconductor. Since
the current spreads radially from the drain probe in the present
setup, the current density is not uniform and decreases as the
distance from the drain probe becomes larger. Thus the broken
superconductivity is gradually recovered when the voltage
probe is placed far from the drain probe and this results in
the blunt transition we have observed in our I − V curves
[11]. Still, it is possible to distinguish the nonlinear one from
the linear one and extract the “critical current” I±

c , where
the superconductivity breaks due to the large current. It is
defined at the point where a straight line extracted from the
nonsuperconducting sides crosses the abscissa, as shown in
Fig. 2(c). The temperature dependence of I+

c and I−
c for the

present sample is shown in Fig. 2(d) and the occurrence of
nonlinearity at 38 K is consistent with the T onset

c = 38 K as
discussed above. Thus these two important findings from in
situ 4PP transport measurements show that the onset of su-
perconductivity of 1UC FeSe/STO does not depend on the
substrate doping level. This is natural considering that the
doping at the interface is presumably the main factor for the
high-Tc in this system. Taking into account the results of
Ref. [12], which also show this tendency, we speculate that
Tc ∼ 109 K reported for 1UC FeSe/high-doped STO substrate

in Ref. [10] detected something that was not really relevant to
the superconductivity.

Let us further examine this temperature dependence of
I±
c . Generally superconductivity is broken by applying large

current since the Cooper pairs acquire enough energy to over-
come the pairing strength. The latter roughly corresponds
to the superconducting gap size and it can be said that the
temperature dependence of I±

c shown in Fig. 2(d) contains
information on the gap. For a quantitative analysis, we refer
to Ref. [4], where it was discussed that the atomic steps are
the dominant source of electrons scattering for atomically thin
superconducting films. The steps serve as Josephson junctions
and the temperature dependence of the critical current Ic(T ) is
given by the following equation [20]:

Ic(T ) ∝ π�(T )

2eRstep
tanh

�(T )

2kBT
, (1)

where �(T ) is the temperature-dependent superconducting
gap, Rstep is the temperature-independent step resistance, e is
the elementary charge, and kB is the Boltzmann constant. It
should be noted that �(T ) in Eq. (1) is the gap related to
the transport phenomena which is the ensemble average of
the superconducting gap within the spatial distribution of the
current.

As discussed above, since the I±
c derived from the present

experiment is not the actual critical current, it is impossible to
deduce the actual value of �(T ) from the data in Fig. 2(d).
However, it is possible to derive the relative change of the
superconducting gap size as a function of temperature [�(T )]
by numerically solving Eq. (1) self-consistently using the
experimental data I±

c . The result is shown in Fig. 4. We have
normalized the obtained values with the value obtained at the
lowest measurement temperature. Similar analysis was per-
formed for the temperature dependence of I±

c for the sample
grown on the low-doped STO shown in Fig. 3(d) of Ref. [11].
The same trend can be found for the 1UC FeSe grown on both
high-doped and low-doped STO substrates. Thus the transport
data shows that the � develops from T onset

c and becomes larger
as the temperature is decreased.

We compare the data obtained with 4PP with the ARPES
data. It is well known that ARPES is suitable to characterize
�(T ) [12,17,19]. Figure 3(a) shows the electron pocket at
M for the 1UC FeSe/high-doped STO measured at 25 K. In
contrast to Fig. 1(d), a gap has emerged as well as a band fold
back, which can be recognized in the second derivative image
of Fig. 3(b). For a quantitative analysis, we show in Fig. 3(c)
the energy distribution curve (EDC) at the Fermi wave number
kF for the data at different temperatures (25–90 K). Although
it is not clearly resolved in Fig. 3(a), there are actually two
electron pockets as has been reported in Ref. [21]. We will fo-
cus on the outer band and adopt k = 0.25 Å−1 in our analysis
[white lines in Figs. 3(a) and 3(b)] since it has been reported
that for smaller k, the mixture of the inner and outer band does
not give the correct physical picture [21]. The analysis for this
kind of situation (k = 0.2 Å−1) can be found in Fig. S3 [15].

Figure 3(d) shows a closeup of the features near EF with
the intensity normalized with that at the peak position to show
the shift in the leading edge. The energies where the spectral
peak becomes half in intensity has been analyzed [22] and one
can clearly notice that the energy position shows a prominent
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FIG. 3. (a) Band dispersion of the 1UC FeSe film grown on the high-doped STO at the M point, showing the electron pocket at EF measured
at 25 K. (b) Second derivative of the data shown in (a) to enhance spectral features. (c) Temperature dependence EDC curves at kF near the
M point taken from the band dispersion images such as the one shown in Fig. 1(d) for the 1UC FeSe film grown on the high-doped STO.
The EDC spectra were taken at the cut indicated by the white lines in (a) and (b). (d) Same as (c) but with the intensity normalized with that
at the peak position to show the shift in the leading edge. The energies where the spectral peak becomes half in intensity has been analyzed.
(e) Temperature dependence of the symmetrized EDC from the data as shown in (c), indicating the gaplike feature for the data below 80 K
and a metallic one for that at 90 K. (f) Normalized symmetrized EDC derived by dividing the symmetrized EDC with that of 90 K to enhance
the features of superconductivity. The coherence peak likely emerges from 60 K. (g) Quantitative analyses of the leading edge shift shown in
(d) and the peak-dip difference of the spectra shown in (f). The two distinct analyses likely give different temperatures concerning the onset of
superconductivity.

change for the spectra of 40, 30, and 25 K compared to the
others by 4–5 meV. Thus we can say that superconductivity is
occurring between 40 and 50 K. Another signature of super-
conductivity in ARPES can be found in the Bogoliubov peak
near EF and it seems to be sharpening as the temperature is
lowered. To exclude the effect of the Fermi-Dirac distribution,
the symmetrized EDCs are shown in Fig. 3(e). It seems that
the quasiparticle coherence peaks are present at 80 K and its
position is nearly temperature independent (∼17 meV). At
90 K, the symmetrized EDC seems to be metallic and, fol-
lowing Ref. [21], we have normalized the symmetrized EDCs
with that of 90 K to emphasize the features of the coherent
peaks, as shown in Fig. 3(f). One can now see that the spectra
at 70 and 80 K do not show a clear indication of the coherent
peak. For a quantitative discussion of the above EDC analyses,
we have plotted in Fig. 3(g) the leading edge shift in Fig. 3(d)
and the peak-dip difference in Fig. 3(f). It clearly shows that

the two distinct analyses give different temperatures concern-
ing the onset of superconductivity. Overall, we can say that
the ARPES data are mostly consistent with previous reports
[12,17,19,21].

The results of the spectroscopic gap measurement dis-
cussed above are indeed similar to what was shown in
Ref. [23] for disordered InO films. It was reported that dis-
order leads to the formation of preformed Cooper pairs with
anomalously large binding energy and shows pseudogap be-
havior above Tc in the scanning tunneling spectroscopy (STS)
spectra. When the disorder is rather low, coherence peaks
were observed, while they were absent for the highly disor-
dered sample even below Tc. Thus the present samples of the
1UC FeSe/STO system likely correspond to the low-disorder
samples in Ref. [23]. However, it should be noted that our
samples are single crystalline films epitaxially grown on a
well-defined surface and the situation is totally different to the
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FIG. 4. Temperature dependence of the relative superconducting
gap �s(T ) determined by I±

c of the 4PP and �s + �p that includes
the contribution of the preformed Cooper pair binding energy from
ARPES measurements for the 1UC FeSe film grown on the high-
doped STO, plotted together with that derived from I±

c for the 1UC
FeSe film grown on the nondoped STO [11].

amorphous films in Ref. [23]. Thus there should be something
that effectively acts as “disorder” in the 1UC FeSe/STO sys-
tem. We believe that the STO surface is responsible for this,
since the coherence length of the present system (1–2 nm)
is nearly the same as the size of the

√
13 × √

13 unit cell
(1.4 nm) [24]. It was even shown that the local gap size can
be different at different positions in the unit cell. Thus we can
say that the electrons of the 1UC FeSe “feel” the potential of
the STO surface to become preformed Cooper pairs at high
temperatures since the energy scale to bind them is large, but
at the same time are localized by the same potential. Thus it is
likely that the gap measured with ARPES includes the contri-
bution of the Cooper attraction energy between two electrons
populating the same localized state �p(T ), as discussed in
Ref. [23].

Figure 4 summarizes the key finding of the present work.
As discussed above, �(T ) derived from I±

c clearly showed
temperature dependence below T onset

c both for the sam-
ples grown on high-doped and low-doped STO substrates.
This reflects the actual macroscopic global superconduct-
ing phenomena and thus we will call it �s(T ). In contrast,
temperature-independent constant gap determined from the
coherent peaks was observed in ARPES, which includes the
effect of the preformed Cooper pairs presumably generated by
the STO surface potential [�s(T ) + �p(T )]. Thus it is clear
that one needs to be aware of the definition of the “supercon-

ducting gap” measured in different experiments. It seems that
although preformed Cooper pairs are present at a temperature
as high as 60 K, they are localized and superconductivity
does not occur. A similar statement concerning the difference
between ARPES and transport data was made in Ref. [12].
It was suggested that incoherent Cooper pairs can form at
temperatures much higher than the onset or the zero-resistance
state due to the two dimensionality of this system. In addition,
it was shown that although the actual disorder of the samples
determined by the normal state resistance does affect T onset

c
or T0 in this system, it is only a secondary factor for the
incoherent pairing. This is in accordance to our statement that
“disorder” in this system is actually the potential by the STO
surface. We should also mention that there are cases where
the strong disorder can inhibit the condensation of Cooper
pairs without any spectroscopic evidence of a gap formation
as clarified in disordered TiN [25]. Therefore, the correlation
between reduced dimensionality, the actual disorder, and STO
surface as well as their effect on the condensation or formation
of Cooper pairs needs further investigation. Nevertheless, our
work shows that interpretation of data based on spectroscopy
techniques should be done carefully. It would be interest-
ing to perform similar synchronous experiments on K-doped
multilayer FeSe/STO, which has been shown to host high-Tc

superconductivity [26].

IV. CONCLUSION

In conclusion, we have shown from in situ 4PP transport
measurements that the superconducting properties of the 1UC
FeSe/STO system do not depend on the doping level of the
substrate, with T onset

c ∼ 40 K. The temperature dependence
of the relative superconducting gap �s(T ) derived from the
critical current increased by cooling down from T onset

c . From
in situ ARPES measurements, it was shown that the coherence
peak develops at 60 K, whereas the Fermi level leading edge
shift occurs below 40 K. We speculate that preformed Cooper
pairs are formed due to the effect of the STO surface super-
structure and its binding energy �p(T ) is measured together
in ARPES.
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