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Fig. 1. Schematic diagrams of (a) the two-coil mu-
tual inductance measurement instrument and (b) its

measurement illustration.
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B2 (e)hEESaOE/N iR X—BHdREE
SCHERFRIE —F 192223 /5 /5 12 x 2 HBLE KA
K J5i F7E FeSe HE |- 5 22 BHA 45 3, 5t
MF K, =020 MLA K, = 0.25 ML. £ K. ix %
0.22 ML, M 2 (f) f STM K A] WL, ok 553
HETE RN KRT T, XU KRS & m st
JrFHERE SR, TR T AR A K R . AR
sedE gt H K TG th PR, s
EARAK (<150 pm), /DTG EE. WA A E
fRYE HE STM B (0.28 ML, B2 (g)—(h)) thr] i,
K J5 LA 5 35 51 1 78 76 7F FeSe R T

5 nm

35 nm 50 nm

() (h)

B2 STO#KE EAEKMZ)Z FeSe MEAENRK T ARE SR EMK FHRSTME, I = 100 pA (a) Kc =0, Vs = 26 V;
(b) Kc =0, Vs =1 V; (¢c) Ke =0.05 ML, Vs = 2.0 V; (d) Kc = 0.11 ML, Vs = 2.5 V; (e) Kc = 0.17 ML, Vs = 1.1V, i
FRILL 5y AR T VB x VB2 x 2 BBEER M X 38; (f) K. = 0.22 ML, Vs = 1.9 V; (g) Kc = 0.28 ML, Vi = 2.0 V;

(h) Kc =0.28 ML, Va =2.0 V

Fig. 2. STM images of the K-adsorbed multi-layer FeSe film grown on STO surface at different K¢, I = 100 pA: (a) K. =0,
Vs =26V; (b) Kc =0, Vs =1V; (¢c) Kc =0.06 ML, Vz = 2.0 V; (d) 0K, = 0.11 ML, V5 = 2.5 V; (e) K. = 0.17
ML, Vi = 1.1 V, the blue and red dots denote local v/5 x v/5 and 2 x 2 superstructures, respectively; (f) Kc = 0.22 ML,
Vs =19V; (g) Kc =0.28 ML, Vu =2.0 V; (h) K. =0.28 ML, Vs =2.0 V.
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JEE0.28 ML A X R F#Z 10.5 meV. MiX— R FIH

STS #di o Hr 13 2| 1) &5 R 5 O M SCkikoE JE 5
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il %t 1) FeSe IR 1 2 JE AN Y, oK fig B #ff Hb o 52
B3 HAEAN R K 78 55 & F &2 dI/dV i 28 i
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K78 RS, RS O CiikiE 7™
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(a) AN Ko I FeSe 8 A i 2 10 (19

dI/dV %, GRS AN R AL B IF) 5—8 25 SR AR LR B dl 1) VX 45 L, RIS TR B 5 10 1 IE M 1F % (b) % (a) EITIK dI/dV
BN LA G E IR —ERER, SRR TIENALE,; (o) TR K & o 8 1Rl
Fig. 3. (a) dI/dV spectra of the K-adsorbed multi-layer FeSe film at different K¢, each spectrum is averaged from 5-8 spectra

taken at different position, the spectra are vertically shifted for a better view; (b) dI/dV spectra after renormalizing to

a polynomial background, arrows denotes the energy positions of the coherence peaks; (c) variation of the energy gap

determined from the energy positions of the coherence peaks as a function of K coverage.
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[ ZAE AR .
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28 | & T ReVh Jou4s 1.1F s
~ —=—1ImV, > = Data -
ra I-‘ = 23.9 K —— Power law fit )
- = Lop :
A+ N X
24 \RT -.'. < 0.30 ~
A SeetatSters
AN ool
LI i
> 920 k- ; ‘% ) >:2 20 22 24 26 g
=, - * \ =
< | S . > Temperature/K <
2 Y H0.15 2 P
& ; F R 2
T FR
" " : 6 (c) -
(O 1o -
Y .
- - T
12| A g *
\ e =l ]
-1 —0.15 L
0.8
PR SR N S (N SR S SR S T SR S SN S N Y 0 1 L 1 L 1 n 1 n 1 1
0 10 20 30 5 10 15 20 25 0.2 0.4 0.6
Temperature/K Temperature/K T/ T

K4 Kc=0.22 ML N2 JZ FeSe MM E I 20 MRS R (a) FERE S AR IR A0 o o 005 200 1 SRR £ ) 795 o R
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AR 2 20t i 2R IR IR B UG T/ Te < 0.4 T N HOH0HE 1 45

Fig. 4. Two-coil mutual inductance measurement results of the K-adsorbed multi-layer FeSe film at K. = 0.22 ML:

(a) Temperature dependence of the real (ReV}) and imaginary part (ImV},) of the output voltage in the pick-up coil;

(b) zoom-in of ReV}, (T') showing T ~23.9 K; (c) temperature dependence of London penetration depth X calculated
from the data in (a); (d) low-temperature variation of AX(T), the difference between A(T") and A(0), displayed in

logarithmic coordinates. The red line is a polynomial fitting result within the temperature range of T'/T. < 0.4.
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Abstract

A single-unit-cell layer FeSe ultrathin film grown on SrTiO3(001) substrate exhibits remarkable high-temperature
superconductivity, which has aroused intensive research interest. Electron transfer from the substrate to the FeSe layer has
been shown to play an indispensable role in enhancing the extraordinary superconductivity. With this idea, researchers
have tried to search for new high-temperature superconducting material systems including K-adsorbed multi-layer FeSe
ultrathin films, on which superconducting-like energy gaps have been observed with scanning tunneling spectroscopy and
photoelectron spectroscopy. However, the high-temperature superconductivity of the multi-layer FeSe ultrathin films has
not yet been confirmed by directly observing the zero resistance or Meissner effect. With a self-developed multi-functional
scanning tunneling microscope (STM+), which enables not only usual STM functionality, but also insitu two-coil mutual
inductance measurement, we successfully observe the diamagnetic response of a K-adsorbed multilayer FeSe ultrathin
film grown on a SrTiO3(001) substrate, and thus determine its transition temperature to be 23.9 K. Moreover, we
calculate the penetration depth of the film from the measured results and find that its low-temperature behavior exhibits
a quadratic variation, which strongly indicates that the order parameter of the superconducting K-adsorbed multi-layer

FeSe ultrathin film has an ST pairing symmetry.

Keywords: multi-layer FeSe ultrathin film, diamagnetic response, Meissner effect, penetration depth
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