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Intrigued by the discovery of high-temperature superconductivity in a single unit-cell layer of FeSe film
on SrTiO3, researchers recently found large superconductinglike energy gaps in K-adsorbed multilayer
FeSe films by angle-resolved photoemission and scanning tunneling spectroscopy. However, the existence
and nature of the high-temperature superconductivity inferred by the spectroscopic studies has not been
investigated by measurements of zero resistance or the Meissner effect due to the fragility of K atoms in air.
Using a self-developed multifunctional scanning tunneling microscope, we succeed in observing the
diamagnetic response of K-adsorbed multilayer FeSe films, and thus find a dome-shaped relation between
the critical temperature (Tc) and K coverage. Intriguingly, Tc exhibits an approximately linear dependence
on the superfluid density in the whole K adsorbed region. Moreover, the quadratic low-temperature
variation in the London penetration depth indicates a sign-reversal order parameter. These results provide
compelling information towards further understanding of the high-temperature superconductivity in
FeSe-derived superconductors.
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Carrier doping is an effective approach to the realization
of high-temperature superconductivity in cuprates and iron
pnictides, resulting in a dome-shaped relation between
critical temperature (Tc) and doped carrier density [1,2].
Similarly, in the case of a single unit-cell (1UC) layer of
FeSe film grown on a SrTiO3ð100Þ substrate (STO),
electron transfer from the STO substrate to the FeSe layer
is believed to play an essential role in the emergence of a
large superconducting energy gap (ranging from 10 to
22 meV [3–5]) and a high Tc value (ranging from 20 to
109 K in different studies [5–8]). For a multilayer FeSe film
on STO, in contrast, no superconductinglike energy gap
could be observed, indicating that the electron doping is
very limited to the first FeSe layer in close proximity to the
STO substrate. Alternatively, researchers found another
strategy to enhance superconductivity in multilayer or bulk
FeSe by depositing alkali-metal (K or Na) atoms on the
surface [9–12]. Such a top-down electron doping at
appropriate K coverage (Kc) results in a superconducting-
like energy gap closing at a temperature as high as ∼48 K
[9,10]. However, the superconductivity in the K-adsorbed
FeSe multilayers (K=FeSe) has not been verified yet via
measurements of zero resistance or the Meissner effect,
which requires in situ experimental techniques to overcome
the problem from vulnerability of K adatoms to air.
Recently, heavy electron doping in FeSe thin flakes

and multilayer films could also be achieved via ionic

liquid gating [13–15] and molecule intercalation, i.e.,
ðLi1−xFexÞOHFeSe crystal [16,17], respectively, and thus
realizes superconductivity with Tc's above 40 K. Although
the ðLi1−xFexÞOHFeSe single crystal has a very similar
Fermi surface topology as that of single-layer FeSe=STO
and K=FeSe films, i.e., only one electron pocket at the M
point of the Brillouin zone and no hole pocket at the Γ point
revealed in ARPES studies [18,19], there is no universal
understanding on paring symmetry of these superconduct-
ing FeSe layers in different doping forms. In previous
studies using scanning tunneling microscopy or spectros-
copy (STM/S), it was found that the single-layer
FeSe=STO is a plain s-wave [20] or a d-wave super-
conductor [21], while the ðLi1−xFexÞHOFeSe single crystal
may have an s� pairing symmetry [22]. In contrast, the
nature of the superconductivity in K=FeSe films has not
been well studied yet. Moreover, a dome-shaped relation
between the energy gap and doping level has been
discovered in K=FeSe films [9–11,23,24], while only
discrete Tc values were found in FeSe thin flakes by
continuously tuning carrier concentration with a solid ionic
gating technique [25]. It is therefore very natural to raise
questions whether a continuous dome-shaped phase dia-
gram exists or not in a FeSe-derived superconductor.
Based on a commercial STM with a four-electrode

piezo scanner tube, we developed a multifunctional STM
(STMþ) that enables in situ four-point-probe electrical
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measurement and two-coil mutual inductance measurement
(TCMIM) in additional to general STM/S [26,27]. Using
the STMþ, we succeed in observing diamagnetic response
of K=FeSe multilayers at various Kc, and thus reveal a
continuous dome-shaped (Tc, Kc) phase diagram and
experimental evidence for the macroscopic superconduc-
tivity in a K=FeSe film. Besides Tc, the information about
the superconducting energy gap (ΔE), penetration depth (λ)
and superfluid density (ρs) is also collected at various Kc's,
from which spatial inhomogeneity of ΔE, quadratic low-
temperature variation of λ and an approximate linear
relation between Tc and ρs are revealed. These discoveries
may be helpful for further understanding of superconduc-
tivity in FeSe-derived superconductors.
Detailed film growth and STM/S measurements are

described in the Supplemental Material [28]. Figure 1(a)
depicts the topographic image of a K=FeSe film with a
nominal thickness of 2.3 UC (sample No. 1). The surface is
mainly covered by 2UC FeSe layers with large atomically
flat terraces, leaving small areas along step edges covered
by patches of 1UC or 3UC layers, which is indicative of a
step-flow growth mode. As Kc increases, K atoms are
randomly and separately adsorbed on the FeSe surface at
first [Fig. 1(b)], and then condense to form local 2 × 2 and
ffiffiffi
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×
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reconstructions at Kc > 0.13 monolayer (ML)
[Figs. 1(c) and 1(d)]. Here 1 ML is defined as the areal

density of the topmost Se sites, andKc values are calibrated
by counting K adatoms in STM images (see Fig. S2 [28]).
Since these two reconstructions correspond to Kc's of 0.25
and 0.20 ML, respectively, it is naturally found that K
adatoms start to pile up at Kc ∼ 0.22 ML, where individual
K adatoms cannot be recognized in some local areas
appearing as bright clusters [Fig. 1(d)]. These STM
observations are consistent with previous reports [11,29].
The exposed 1UC FeSe layer exhibits a superconducting

energy gap, ΔE, with a value of 14.3 meV, which decreases
gradually upon K adsorption at first and then dramatically
drops to zero at Kc ∼ 0.20 ML [Figs. 1(e) and 1(f)],
consistent with previous studies [11,23]. Following pre-
vious reports [3,11,23,29], the gap value here is defined as
the averaged energy position of the two quasiparticle peaks
in dI=dV spectra (For the data analysis on ΔE, see the
Supplemental Material [28]). In sharp contrast, 2UC FeSe
layer shows a superconducting energy gap only after K
adsorption, and the spatially averaged gap value increases
with Kc and saturates at the optimal doping coverage, Kc
∼0.22 ML [Figs. 1(e) and 1(g)]. It is found that the energy
gap exhibits a spatial variation upon K adsorption, and the
variation becomes more remarkable at higher Kc beyond
0.45 ML, from which spectra without energy gap (zero-gap
spectra) start to emerge. The percentage of the zero-gap
spectra increases with Kc and reaches 100% at ∼0.61 ML,
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FIG. 1. STM/S characterization of K=FeSe thin film (sample No. 1; 2.3UC) taken at 7.8 K. (a) Large-scale STM image of the bare
FeSe film. Inset: Atomic-resolution STM image acquired on a 2UC FeSe layer. (b)–(d) STM images acquired on 2UC FeSe layers at
varied Kc indicated on each figure corner. Tunneling condition: It ¼ 100 pA, (a) Vs ¼ 1.5 V, inset: Vs ¼ 40 mV; (b) Vs ¼ 1.0 V;
(c) Vs ¼ 1.3 V; (d) Vs ¼ 1.0 V. (e) Evolution ofΔE as a function ofKc on 1UC and 2UC FeSe layers. Each solid (open) square denotes
the ΔE value deduced from individual dI=dV spectrum measured at an arbitrary position on 2UC (1UC) layers, while the solid circles
represent the ΔE values of averaged spectra showing in (g). The embedded histogram represents the percentage of measured spectra
showing no superconductinglike energy gap. (f) Typical dI=dV spectra at varied Kc on exposed 1UC FeSe layer. (g) Averaged dI=dV
spectra at varied Kc on 2UC FeSe layer. Triangles in (f) and (g) denote the energy position of quasiparticle peaks.
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as inset of Fig. 1(e) shows. A very similar electronic phase
diagram was also obtained by analyzing the spectra with
the BCS-Dynes theory [30] to extract the gap values (see
Fig. S4 [28]).
The mutual inductance technique has been well used in

studying diamagnetic response of various superconductors
and in elucidating nature of superconductivity in previous
studies [31–36]. The setup of the TCMIM system used here
is schematically illustrated in Fig. 2(a). An alternating
current Iin applied to the drive coil induces an alternating
voltage Vp in the differential pick-up coil. Detailed mea-
surements are referred to in the Supplemental Material [28].
Figure 2(b) exemplifies the temperature dependence of Vp

measured on a K=FeSe film at Kc ¼ 0.225 ML with a
nominal FeSe thickness of 2.5 UC (sample No. 2). Clearly
the real (imaginary) part of Vp, ReðVpÞ [ImðVpÞ], starts to
increase (decrease) at around 27 K when temperature
decreases [see Fig. 2(c) for the determination of Tc]. This
measurement result is a direct evidence for the diamagnetic
response of the K-adsorbed FeSe films showing a super-
conducting transition, which has been only inferred in

previous spectrosicopic studies [9–11,23,24,29]. The above
conclusion on the superconducting transition is corrobarated
by applying an external magnetic field of 1 T perpendicular
to the sample surface, which remarkably reduces Tc, as
shown in Fig. 2(d).
The effect of electron doping on the superconductivity in

multilayer FeSe films is revealed by measuring a series of
ReVpðTÞ curves on sample No. 2 at varied Kc [Fig. 3(a)],
from which a dome-shaped (Tc, Kc) phase diagram is
obtained [Fig. 3(b)]. The STM observations reveal that the
FeSe film consists of 71.6% of 2UC, 24.3% of 3UC, and
4.1% of 1UC layers (see Fig. S5). As the transition is
observed at only one critical temperature in each ReVpðTÞ
curve but not at two, the transition signal should be
dominated by 2UC layers and the superconductivity in
3UC layers does not manifest itself in the TCMIM results.
Actually, as the typical width of 3UC layers is about
100 nm, much smaller than the in-plane penetration depth
of FeSe (405 nm at zero temperature) [37], the additional
supercurrent aroused by the superconducting transition of
3UC layers should make a negligible contribution to the
ReVpðTÞ intensity. Therefore, the dome-shaped phase
diagram mainly reflects the intrinsic property of 2-UC
FeSe layers. These results have been well reproduced in
another K=FeSe thin film of sample No. 3, as shown in
Fig. S6 [28]. It is noted that the continuous dome-shaped
phase diagram revealed here is in sharp contrast to the
discrete superconducting phase diagram reported very
recently in a FeSe thin flake by tuning carrier concentration
with a solid ionic gating technique [25].
The evolution of Tc as a function of Kc has a strong

correlation with that of ΔE shown in Fig. 1(g), although
they are taken from two FeSe film samples with a little
different nominal thickness. Both Tc and ΔE increase
remarkably with Kc till ∼0.2 ML, which is the onset of the
optimal doping coverage inferred in the (Tc, Kc) phase
diagram. Beyond 0.2 ML, both Tc and ΔE vary little until
0.4 ML, above which zero-gap spectra emerge and ΔE
values disperse more remarkably in STS measurements
while Tc decreases evidently. The variation of ΔE and Tc
with Kc indicates that electron doping increases the paring
potential and enhances the superconductivity in the
K=FeSe film at Kc below 0.4 ML. Above this Kc, the
superconductivity is suppressed due to emergence of zero-
gap regions that are probably resulted from a strong phase
fluctuation. At Kc > 0.6 ML, the superconducting transi-
tion with Tc ∼ 5 K revealed in ReVpðTÞ curves could be
attributed to the FeSe=STO interface since there was no
superconductinglike dI=dV spectrum observed on the
K-adsorbed FeSe film surface.
The Tc values found in the optimal doping region are

27–29 K, which is quite lower than that expected from
previous ARPES studies having observed a gap closing at
∼48 K [9,10]. It is noted that we have observed a super-
conducting transition with the highest Tc of 37.4 K in the
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FIG. 2. A typical TCMIM result of K=FeSe film (sample No. 2;
2.5UC) at Kc ¼ 0.225 ML. (a) Schematic illustration of the
measurement setup. Green arrows denote the magnetic flux
excited by the drive coil and blue arrows represent the magnetic
flux screened by the superconducting sample. (b) Real and
Imaginary parts of Vp measured as a function of temperature.
The amplitude and frequency of Iin are 200 μA and 9991 Hz,
respectively. (c) Zoom-in of the measured ReVp curve showing
the remarkable onset of superconducting transition at Tc ¼ 27 K,
as indicated by the arrow. (d) Comparison of ReVpðTÞ curves
measured with and without an external magnetic field of 1 T in
the out-of-plane direction. Arrow indicates the position of Tc,
which shifts from 27 to 17 K. The amplitude and frequency of Iin
are 20 μA and 29 991 Hz, respectively.
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K=FeSe thin film of sample No. 1 at Kc ∼ 0.18 ML, as
shown in Fig. S7. Unfortunately, however, there are small
half-UC KxFe2Se2 islands come into form at Kc ∼
0.22 ML due to the unintentional sample’s warming up
during K adsorptions. The KxFe2Se2 islands cover more
and more surface areas with increasing Kc (Fig. S7), and
thus make the sample No. 1 inappropriate for the following
investigation. In contrast, a more careful sample cooling
process was conducted during K adsorption for samples
No. 2 and No. 3, and thus no half-UC KxFe2Se2 island was
observed on their surfaces (see Fig. S5 [28]), which makes
the results quite reproducible.
Giving insight into the nature of superconductivity, the

London penetration depth λðTÞ is calculated from VpðTÞ by
following a widely used numerical analysis [38,39], in
which the obtained λ value is overestimated but its ratio to
the value at zero temperature λ0, is accurate. Enumerated
in Fig. 4(a) are three typical sets of λðTÞ calculated from
the experimental data VpðTÞ taken at Kc in underdoped,
optimal-doped, and overdoped regions, respectively. It is
found that the low-temperature (empirically up to Tc=3)
variations of Δλ for all Kc's follow a power-law relation,
Δλ ¼ λðTÞ − λ0 ¼ αTn, in which α is a meaningless
scaling coefficient and the exponent n provides information
about the symmetry of the underlying order parameter
[40]. The power-law fitting gives n ranging from 2.01 to
2.16, very close to the value of 2, which indicates a sign-
reversal order parameter previously revealed in many

unconventional superconductors including d-wave cuprates
in the presence of moderate scattering [41,42] and s�-wave
Fe-based superconductors at the dirty limit [43–45]. As no
spectroscopic studies in STM or ARPES found any
signature of d-wave superconductivity in K-adsorbed
multilayer FeSe [9–11,24], the s� pairing symmetry seems
to be more plausible for the interpretation of the behavior of
λðTÞ discovered here. This idea is consistent with the
conclusion of a recent STM/S work revealing the s� pairing
symmetry in a Zn-doped ðLi1−xFexÞHOFeSe single crystal
[22], which is another FeSe-derived superconductor with-
out a hole pocket at the Γ point [18,19].
Figure 4(b) shows the variation of zero-temperature

superfluid density, ρs0 ∝ λ−20 , as a function of Kc. It
exhibits a dome shape very similar to that of the (Tc,
Kc) phase diagram, resulting in an approximate linear
dependence of Tc on ρs0 in both underdoped and over-
doped regions [Fig. 4(c)]. Such a linear relation between Tc
and ρs0 is known as Uemura’s law [46], which has been
found in many cuprate superconductors [47–49] and some
Fe-based superconductors [16,50–52]. There are mainly
two scenarios for the interpretation: one attributes to phase
fluctuations that become more significant with lower
superfluid density [53], and the other is the dirty BCS
theory that supposes Tc be set primarily by the energy
gap required to break a Cooper pair [54,55]. For an
underdoped cuprate superconductor, the scenario of phase
fluctuations is likely accepted since its ρs0 is usually quite
low. For an overdoped cuprate superconductor, however, it
has remained the subject of intense debate [56–60], partly
because disorder may directly influence Tc, ρs0, and Δ,
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and thus complicate the causal relationships among these
parameters.
In the present case of K=FeSe films, the variation of the

three parameters withKc has been all collected, from which
we find the phase fluctuations may play an important
role in the observed synchronized variation of Tc and ρs0,
although the contribution of disorders could not be
excluded completely. The gap ratio of 2ΔE=kBTc is about
10 in the optimal-doping region and increases remarkably
in both underdoped and overdoped regions, as shown in
Fig. 3(c). It is noted that even lower gap values extracted
from BCS fitting are used, the gap ratio is still more than 6
and not constant [see Fig. S4(d)]. The large values of the
gap ratio imply a strong coupling and its non-constant
evolution is also beyond the conventional BCS scenario.
In summary, we have unambiguously confirmed the

emergence of superconductivity, and hence the dome-
shaped phase diagram in K-adsorbed multilayer FeSe films
with a self-developed STMþ containing an in situ TCMIM
system. The T2 dependence of penetration depth at low
temperature implies a sign-reversal pairing symmetry in the
K=FeSe film, and the synchronized variation of Tc and ρs0
implies that the transition temperature should be deter-
mined by phase stiffness rather than pairing potential. This
is consistent with the experimental result that the ratio of
2ΔE=kBTc is not constant.
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