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The following Supplementary Materials include the descriptions of the basic
concept and parameters of BCS-BEC crossover, the sample preparations and
characterizations, as well as the BCS-BEC parameters of different superconducting
systems.

l. Parameters of the BCS-BEC phase diagram:

The phase diagram of interacting Fermi system as shown in Fig. 1 is scaled by a
dimensionless parameter 1/(kra), where a is the scattering length charactering the
pairing interaction [1]. In the BCS limit, the weak attraction has a negative scattering
length, and 1/(kra) — -co. In the BEC limit, 1/(kra) — +co. The unitary point is
defined by 1/(kra) = O with the scattering length divergence. The BCS-BEC crossover



is the regime within |1/(kra)] < 1. And the BCS-regime and BEC-regime are

characterized by 1/(kra) < -1 and 1/(kra) > 1, respectively [2].

In ultra-cold atom experiments, the parameter a can be tuned directly by the
Feshbach resonance [3,4]. However, in condensed matter, the interaction is
determined intrinsically and hard to be tuned. Thus in Fig. 1, we plot the phase
diagram scaled by krépair Which is more apparent for condensed matter experiments.

The relationship between kr&pair [the horizontal axis in Fig.1(a)] and 1/(kra) was

shown in Ref. [2]. For instance in the BCS limit, k_& . ~ ™ [5]. Clearly when

pair

1/(kra) = 0, krpair =1.

The value of Tc/Tr and A/Er are the functions of krépair as schematically plotted
in Fig. 1. As for the BCS-BEC crossover analyses of superconductors shown in Fig. 2,

we use A/Er, instead of krépair Or 1/(kFa), due to the lack of accurate parameter Kr&pair
or 1/(kra) in the published experimental data. In the BCS limit, A = e8_2 EFem ; in the

BEC limit, A=4E_ /ﬁ/37rakF [6]. There is a monotonic one-to-one mapping between
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the values of A/EF and 1/(kra). In the BCS limit, kT, = 2% where kg is

. €
Boltzmann constant, y is the Euler constant with — =0.567[2]. Then we have
T

2A
KeTc

=3.5 inthe BCS limit which corresponds to the BCS theory [7].

Il.  Sample Preparations and Characterizations

All the SrTiOs substrates used in this study were 0.5% Nb-doped SrTiO3(001).

The monolayer FeSe films were grown by the molecular beam epitaxy (MBE) method
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and were characterized by scanning tunneling microscopy. The luc-FeSe/STO
samples were post-annealed at 470 <C for 6 hours in ultra-high vacuum to make the
monolayer FeSe superconducting. The TCNQ molecules were evaporated onto the
luc-FeSe/STO sample from a low-temperature evaporator at 390 K as described in

Ref. [8].

The STM topographic images were acquired in constant-current mode with the
bias voltage applied to the sample with respect to the tip. The STS were measured at
4.9 K with a bias modulation of 1 mV at 987.5 Hz. All the dl/dV spectra in the
manuscript were normalized by a background defined by a polynomial function as

shown in Fig. S1.
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Figure S1| (a) Original di/dV spectrum of 1uc-FeSe/STO at point #1 marked in Fig. 3.
The background for normalization is fitted by a polynomial function and plotted in the
red line. (b) Normalized dl/dV spectra at point #1 as shown in Fig. 3(c). The original
dl/dV spectra are normalized by the red line in (a) and smoothed by the average of

adjacent 20 points.

[1l.  Parameters of different superconducting systems
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Values of krépair, A/EF and Tc/Tr presented in the manuscript were determined

based on the existing independent experimental measurements. The pair size &pair 1S

roughly replaced by the phase coherent length &nase, because in BCS regime the two

length is only differed by a factor 3/\/5[2]. The parameters of kg, 4, Er, and Tc of

luc-FeSe/STO were extracted from band structure measured by angle-resolved

photoemission spectroscopy [9]. The parameters of other superconducting systems

were extracted from references as listed in Table SI.

Table SI. Values of krépair, 4/EF and Tc/Tr for different superconducting systems.

Systems and | kr Er
Spair (A) Kr&pair A(meV) AIEF Te (K) Te (K) TclTF
References. WA (meV)
FeSe bulk
0.065 50 3.25 25 2-3 0.83-1 |8 23-35 0.229-0.348
[10,11]
FeSe bulk
0.153 50 7.65 35 10.0 0.30 8 116 0.069
[10,11]
(LiFe)OHFeSe
0.280 33 9.24 10.5 43.0 0.24 40 449 0.080
[12,13]
ko.sFeSe [14] - - - 10.3 60.0 0.17 32 696 0.046
luc-FeSe/STO 0.208 20[15] 4.20 20.0 56.0 0.36 65 650 0.100
- - - 10.0 48.3 0.21 40 561 0.071
luc  FeSe/STO | _ ; ; 14.0 50.6 0.28 55 587 0.094
under-annealed
[16] - - - 16.0 55.7 0.29 60 646 0.093
- - - 19.0 54.9 0.35 65 637 0.102
1uc-FeSe/BTO - - - 17.0 63.0 0.27 70 731 0.096
[17] - - - 195 630 031 |75 731 0.103
- - - 14.6 45.0 0.32 63 522 0.121

luc-FeSe/TiO2




[18]

Cuprates 123
[19-21]

54

1232

0.044

62

1325

0.047

69

1478

0.047

75

1740

0.043

90

1977

0.045

87

2204

0.040

79

2741

0.029

91

2947

0.031

91

3170

0.029

Cuprates 2223
[19-21]

110

2413

0.046

126

3112

0.040

108

3228

0.034

Cuprates 214
[19-21]

36

922

0.039

30

812

0.036

40

1561

0.026

30

1709

0.018

28

1709

0.016

CeRhIns [22]

0.016

Ce2PdIng[22]

0.009

UPt3[22]

0.008

Ce2Colng[22]

0.003

NbSe2 [21,23]

802

0.009

Nb [21,23]

10

12607

7.62E04




Sn [21,23] - - - - - - 4 115638 3.26E%5
Zn[21,23] - - - - - - 1 109496 | 7.98E%
Al [21,23] - - - - - - 1 133721 8.56E06
Reference:

[1] Randeria M, Zwerger W and M. Zwierlein 2012 The BCS—BEC Crossover and the Unitary
Fermi Gas, edited by Zwerger W (Berlin, Heidelberg: Springer) chapl p 1

[2] Strinati G C 2012 The BCS-BEC Crossover and the Unitary Fermi Gas, edited by Zwerger
W (Berlin, Heidelberg: Springer) chap 4 p 99

[3] Chin C, Grimm R, Julienne P and Tiesinga E 2010 Rev. Mod. Phys. 82 1225

[4] Gaebler J P, StewartJ T, Drake TE, Jin D S, Perali A, Pieri P and Strinati G C 2010 Nat.
Phys. 6 569

[5] Randeria M and Taylor E 2014 Annu. Rev. Condens. Matter Phys. 5 209

[6] Heiselberg H 2012 The BCS-BEC Crossover and the Unitary Fermi Gas, edited by Zwerger
W (Berlin, Heidelberg: Springer) chap 3 p 49

[7] BardeenJ, Cooper L N and Schrieffer J R 1957 Phys. Rev. 108 1175

[8] GuanJ, LiuJ, Liu B, Huang X, Zhu Q, Zhu X, Sun J, Meng S, Wang W and Guo J 2017 Phys.
Rev. B 95 205405

[9] Zhangs$, Wei T, Guan J, Zhu Q, Qin W, Wang W, Zhang J, Plummer E W, Zhu X, Zhang Z,
and Guo J 2019 Phys. Rev. Lett. 122 066802

[10] Watashige T, Arsenijevi¢ S, Yamashita T, Terazawa D, Onishi T, Opherden L, Kasahara S,
Tokiwa Y, Kasahara Y, Shibauchi T, von Lohneysen H, Wosnitza J and Matsuda Y 2016 Journal
of the Physical Society of Japan 86 014707

[11]Kasahara S, Watashige T, Hanaguri T, Kohsaka Y, Yamashita T, Shimoyama Y, Mizukami Y,
Endo R, Ikeda H, Aoyama K, Terashima T, Uji S, Wolf T, von Lohneysen H, Shibauchi T and
Matsuda Y 2014 Proc. Natl. Acad. Sci. U. S. A. 111 16309

[12] Niu X H, Peng R, XuHC, Yan Y J, JiangJ, Xu DF, YuTL, Song Q, Huang ZC, Wang Y X, Xie
BP,LuXF, Wang N Z, Chen X H, Sun Zand Feng D L 2015 Phys. Rev. B 92 060504

[13] Yan Y J, Zhang W H, Ren M Q, Liu X, Lu X F, Wang N Z, Niu X H, Fan Q, Miao J, Tao R, Xie
B P, Chen X H, Zhang T and Feng D L 2016 Phys. Rev. B 94 134502

[14] Zhang Y, Yang L X, Xu M, Ye Z R, Chen F, He C, Xu H C, Jiang J, Xie B P, Ying J J, Wang X F,
Chen X H, Hu J P, Matsunami M, Kimura S and Feng D L 2011 Nat Mater 10 273

[15] Wang QY, Li Z, Zhang W H, Zhang Z C, Zhang J S, Li W, Ding H, Ou Y B, Deng P, ChangK,
Wen J,Song CL, HeK, JialJF,JiSH, WangY Y, Wang LL, Chen X, Ma X C and Xue Q K 2012
Chin. Phys. Lett. 29 037402

[16] He S, He J, Zhang W, Zhao L, Liu D, Liu X, Mou D, Ou Y B, Wang QY, Li Z, Wang L, Peng Y,
LiuY, Chen C, Yu L, Liu G, Dong X, Zhang J, Chen C, Xu Z, Chen X, Ma X, Xue Q and Zhou X
2013 Nat Mater 12 605




[17] Peng R, XuHC, TanSY, Cao HY, Xia M, Shen X P, Huang Z C, Wen CH P, Song Q, Zhang
T, Xie B P, Gong X G and Feng D L 2014 Nat. Commun. 5 5044

[18]Rebec S N, Jia T, Zhang C, Hashimoto M, Lu D H, Moore R G and Shen Z X 2017 Phys. Rev.
Lett. 118 067002

[19] Uemura Y J, Luke G M, Sternlieb B J, Brewer J H, Carolan J F, Hardy W N, Kadono R,
Kempton J R, Kiefl R F, Kreitzman S R, Mulhern P, Riseman T M, Williams D L, Yang B X,
Uchida S, Takagi H, Gopalakrishnan J, Sleight A W, Subramanian M A, Chien C L, Cieplak M Z,
Xiao G, Lee V'Y, Statt B W, Stronach CE, Kossler W J and Yu X H 1989 Phys. Rev. Lett. 62 2317
[20] Uemura Y J, Le L P, Luke G M, Sternlieb B J, Wu W D, Brewer J H, Riseman T M, Seaman
C L, Maple M B, Ishikawa M, Hinks D G, Jorgensen J D, Saito G and Yamochi H 1991 Phys. Rev.
Lett. 66 2665

[21] Uemura Y J 1997 Physica C: Superconductivity 282-287 194

[22] Yang Y and Pines D 2014 Proc. Natl. Acad. Sci. U. S. A. 111 18178

[23] Uemura Y J 2004 J. Phys.: Condens. Matter 16 S4515



