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SUPPLEMENTARY TEXT
Angular dependence of the upper critical field
For bulk layered superconductors, typically, the angular dependence of the upper

critical field uuH.> is represented by the 3D anisotropic mass model expressed as’:
Hc,(0)sind (ch(Q)COSH

L HE
where Hé'Z and HZ are the parallel ( #=90 °) and perpendicular ( =0 ° )upper critical
fields with respect to the conducting planes, respectively. In 2D thin films, wHe> can be

described by 2D Tinkham model as follows?:
Hc,(0)sing_, N H.,(6)cos6
Hey He

As the field direction approaches the conducting plane at an angle of 90 °, the two models
diverge. Figure 3c in the main text displays the fits to 3D anisotropic model and 2D
Tinkham model simultaneously. As shown in the inset of Figure 3¢, 2D Tinkham model

gives a best fit to the experimental results between 89 © and 91 °.
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Supplementary Figure 1: Optical absorbance spectra of SP-C18. (a) Absorbance
spectra of the SP-C18 solution in cyclohexane (0.05 mg mL™) at the initial state (black),
the SP solution after irradiation with UV light (red, with a wavelength of 365 nm), and
the SP solution after 10 minutes of thermal recovery (blue). (b) Time trace of the
normalized solution absorbance (at 580 nm) following irradiation with UV light (¢) SP-
C18-SAM absorbance spectra on film, obtained by spin-coating the SP solution in
cyclohexane (1 mg mL™) onto a quartz slide. Absorbance spectra of initial spin-coated
film (black), spin-coated film following UV irradiation (red, with a wavelength of 365
nm), and film after 72 hours of thermal recovery (blue) (d) Time trace of the normalized
film absorbance (at 620 nm) following irradiation of UV light. Notably, the SP spin-
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coated on film recovered considerably more slowly than that in solution.
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Supplementary Figure 2: Light-induced topographical reorganization of SP
monolayer on k-Cl at 100 nm scale. (a) Surface topography of k-Cl. (b) Topography of
initial state of SP-x-Cl following SP-SAM spin-coating. (¢) Topography of SP-k-Cl
following 1 hour of irradiation of UV light with a wavelength of 365 nm. After UV
irradiation, a dramatic rearrangement of the SP-SAM was detected. (d) Topography of
SP-k-Cl after 72 hours of irradiation of visible light with a wavelength of 580 nm.

Above the image is the corresponding root mean square (RMS) roughness. The initial
RMS in x-Cl bulk crystal is comparable to the value reported in a k-Cl film with a
thickness of tens of nanometers’. RMS roughness decreased after spin-coating with SP-
SAM because SP-SAM modified and smoothed the surface of k-Cl. Due to the
extensively stretched and rigidly ordered structure of the MC state, the RMS roughness
rebounded significantly following UV irradiation, in accordance with the previous
findings derived from density functional theory (DFT) calculation'. With the irradiation
of visible light, the RMS roughness dropped to a value greater than the initial state,
indicating a partial recovery. This partial recovery is also reflected in the low resistance

after prolonged exposure to visible light displayed the main text.
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Supplementary Figure 3: Fermi liquid behavior in SP-x-Cl. (a) The UV irradiation
time dependence of resistance R. (b) Resistance normalized at 20 K. Each curve is
shifted by 0.5. The black dashed lines indicate that R (7)) has a strictly quadratic form at
the vicinity of superconducting transition. Thus, Fermi liquid behavior is observed in SP-
k-Cl with various UV irradiation time.
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Supplementary Figure 4: Sheet resistance versus temperature for the SP-k-Cl device
after various times of irradiation with visible light.
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Supplementary Figure S: Determination of upper critical field H.: for SP-k-Cl. (a)
Differentiation of out-of-plane magnetoresistance of SP-«x-Cl (b) Differentiation of in-
plane magnetoresistance of SP-x-Cl.

Analogue to cuprate superconductors®, the broadening of superconducting transition
under magnetic field results in varied onset as well as midpoint in resistive drop, which
brings large ambiguities to the determination of upper critical field Hc> from the electrical
transport measurement’. Thus, here the upper critical field He, is defined to be the peak

values of the differentiation of resistance.
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Supplementary Figure 6: Out-of-plane upper critical field Hcz of SP-k-ClL (a)
Determination of out-of-plane Hc; in SP-k-Cl. The dashed line indicates the resistance
that is equal to 70% of Rn. (b) Comparison of the temperature-dependent upper critical
field defined in two different ways. Despite the different methods to determine the H.o,
both results show a linear behavior which is consistent with 2D Ginzburg-Landau model.
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Supplementary Figure 7: Vortex dynamics in SP-x-Cl. (a) Arrhenius plot of sheet
resistance of k-Cl in perpendicular magnetic fields. (b) Field-dependent activation
energies extracted from the Arrhenius plot of sheet resistance on a semi-logarithmic scale.
Dashed line gives fitting result using the formula U(H) = Uy In(Hyo/H), which suggests a
2D vortex lattice in low fields regime.

Compared to the zero-field superconducting transition, remarkable broadening of the
resistive transition in magnetic field was observed (Fig. 3a, b). The Arrhenius plots of
Risneet for out-of-plane magnetic fields are well described by thermally assisted flux flow
(TAFF) theory with the formula InR(H,T) = InRo(H) — U(H)/T, as indicated by the black
lines, where U(H) is the field-dependent activation energy of a vortex and it is given by
the slope of the linear fit®®. The formula U(H) = U, In (Ho / H) (Fig.S 7b) describes finely
the relationship between U(H) and H in low field regime, suggesting a 2D vortex lattice
in SP-k-CI°. As the applied magnetic field increases, the vortex density increases and
thereby the repulsion between them appears. Notably, a deviation emerges above 0.2 T,
which can be explained by a crossover from individual flux pinning to collective pinning
in 2D vortex lattice'®. For fields below ~0.2 T, the activation energy decreases
logarithmically as U(H) = Uo In(Ho/H), consistent with 2D TAFF theory. At higher fields,
U begins to saturate, which we attribute to a crossover into a regime of collective pinning,
where vortices move in correlated bundles rather than individually. At still higher fields,
vortex lattice melting could in principle occur, as reported in other k-(BEDT-TTF), salts'?,
leading to a decrease of the activation energy with increasing field. However, such a

reversal was not observed within our accessible experimental range. On the other hand,



for its superconducting counterparts, k-(BEDT-TTF);[CuN(CN);]Br (x-Br) and «-
(BEDT-TTF)>Cu(NCS), (x-NCS), a relationship of U « H 3 corresponding to a 3D
vortex lattice in low fields has been reported'!?. In addition, a dimensional crossover
from 3D in low fields to 2D in high fields has been demonstrated in terms of vortex
dynamics in k-type of BEDT-TTF based salts'?. On the other hand, our distinctive results

suggest a 2D nature of superconductivity in SP-k-Cl even in low fields regime.
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Supplementary Figure 8: Anisotropic electrical transport in the SP-x-Cl. (a)
Electrode geometry for resistance anisotropy measurement in SP-x-Cl. (b) Resistance
versus temperature for the SP-x-Cl device after various irradiation times of UV light, with
the electrodes 1, 2, 3, and 4. (¢) Resistance versus temperature for the SP-SAM «-Cl after
various irradiation times of UV light, with the electrode 1 and 5. (d) Comparison of the
changes of resistance after UV light irradiation for in-plane and out-of-plane
configurations.

k-Br and k-NCS have been intensively studied for decades due to their extremely high
anisotropy among layered superconductors. Their resistivity anisotropy pz-/ pxx 1S abuot
10° at ambient temperature and increases to several thousand at low temperatures slightly
above T.'*!*. In contrast, as shown in Supplementary Figure 8d, the resistance anisotropy
R.//Rxx in SP-x-Cl at its initial state is ~ 10? at room temperature, which is the same value

115

as reported for k-CI'°. As the temperature is lowered, the resistance anisotropy can be



readily extrapolated to exceed 10° or even 107 above T¢, which is more than three orders
of magnitude higher than that in k-Br and x-NCS. This tremendously high resistance

anisotropy in SP-k-Cl evidences the 2D nature in it.
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Supplementary Figure 9: Superconducting fluctuation in SP-x-Cl. (a) Sheet
resistance versus temperature for SP-x-Cl in log-linear scale. The solid and dashed lines
indicate the experimental and fitting results, respectively. (b) Sheet resistance versus
temperature for SP-«x-Cl in linear-linear scale.

Both the phase and amplitude of the order parameter are significantly affected by thermal
fluctuations in 2D superconductor!'®. Phase fluctuations produce paraconductivity below
the mean-field transition temperature 7co, whereas amplitude fluctuations produce excess
conductivity Ao above Tco. The resistive transition is broadened and rounded as a result
of the overall effect of them.

In addition to the enhanced phase fluctuation in the immediate vicinity of
superconducting transition described by BKT scenario, the amplitude fluctuation above
Teo is remarkable as well in SP-x-CL.

This excess conductivity approximately composed of two principal contributions:

17-19
)

Aslamaxov-Larkin (AL) contribution stemmed from the fluctuating Cooper pairs and

Maki-Thompson (MT) contribution taking into account coherent scattering of electrons

by impurity'$-2!.

2

1 T-T, .
-, where € = —= and T is

. . . e
In 2D system, AL contribution is expressed as: g, = Tone T
co

mean field transition temperature.

e e? 1 € . . .
MT contribution is expressed as: oyt = P In > where O1s a pair-breaking parameter.



Thus, consider the Aslamaxov-Larkin theory in 2D case with the Maki-Thompson
correction (ALMT), we have:
Ao = ! + 1 =O-AL+ oMT = ez (l'f‘ 2 lnE
RNormal Rsheet l6h'e €—-46 6

where Rnormal 1S the normal state resistance and Rsheet here is the zero-field sheet resistance.

We use the resistance under a magnetic field up to 14 Tesla as the Rnormal to fit this
equation. The fitting is shown in Supplementary Figure 9, which gives Tco = 10.75 K and
5=1x 10®. We note that this pair-breaking parameter Jis extremely large in comparison

to other crystalline 2D systems?>?

, which could be attributed to the clean-limit
superconductivity in k-BEDT-TTF salts. As shown in Supplementary Figure 9, the mean
field temperature 7co is very near to 7gkr, which evidences the clean-limit

superconductivity also'°.
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Supplementary Figure 10: Superconducting transition in x-Br. In-plane resistance
versus temperature in K-Br. In comparison to the rounded superconducting transition
originated from enhanced superconducting fluctuation in SP-k-Cl, in-plane resistive
transition in 1-Br behaves like a quasi-2D superconductor, as in previous report>*.
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Supplementary Figure 11: Photo-switching Inhomogeneous and homogeneous
superconducting states in SP-x-Cl. (a) Sheet resistance versus temperature for SP-x-ClI
in inhomogeneous state realized with a short irradiation time, which shows the features
of granular superconductivity indicated by broadened transition. (b) Sheet resistance
versus temperature for SP-x-Cl in the homogeneous state realized with a longer
irradiation time, which displays a relatively sharp transition.
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Supplementary Figure 12: The sheet resistance as a function of magnetic field at

n
B,=5.2412T
10000 R, =8087.3 0
—~ 9000
<}
& 8000+
7000
T T T T
48 52 56 60
B(T)
| B.=484377
100007 2° ~ ga70.6 0
9000
G
8000
7000 -
T T T T T
48 52 56 B0
B(T)
t
Bo=4474T
70001 B -p124.40Q
6500 |
S 6000+
m{h
5500
5000
4500 7| T T T
36 40 44 48
B(T)
\\%
70004 B,=4.0959 T
R.=54159Q
6500
C 6000
n:m
5500
5000

different temperatures (a~x).

0
B,=5.0042T
100004 R, =7392Q
—~ 90004
<}
& 8000
7000
T T T T
438 52 56 6.0
B(T)
r
B, =4.7824T
80001 g_-6818.7Q
—~ 7000
G
<
6000
5000
T T T T
40 44 48 52
B(T)
u
7000 B.=4.2696 T
R,=5727.4Q
6500
G 6000
mll)
5500
5000
45004 : . .
36 40 4.4 4.8
B(T)
X
70007 5 _39661T
R.=5199.20Q
6500
S 6000
D:m
5500
5000
T T T T
3.6 40 4.4 4.8
B(T)



R./R,

R./R,

R./R,

R./R,

1.054
1.00+--
0.954
0.904
0.854

0.804

h2 fo o
W NN
[} =)
RAAX

zv =3.50 /

P et
Rt

0.001

T T
0.01
|B-B.|t

0.1

| zv=1.

0.9

50

A
o ;o
QWO
ARR

0.001

Ty

0.01 0.1
|B-B, t

1

zv=1.

15

1.0 wer mremmas

0.9

0.8

R

.66
.70
.75

ARAX

0.7 ey
0.001

0.01
|B-B| t

0.1

0.9

0.8

zv=1.15

[EEPORER,

[ST RN
Smo
ARXR

.9
.9
.0

0.001

0.01
|B-B| t

0.1

1154 zv =250
1.104
o
X 1.059
@ 100 =+ - vemuaiT
0.957 228K
4 232K
0.90 2.36 K
T2 a4 ! 462
0.001 0.01 0.1
|B-B|t
(Y
154 zv=1.20
1.4
Q:‘J 1.3+
> 1.2
1.14
104 = e
0'9_"'" T T T
0.001 0.01 01 1
|B-B| t
h
1.3
zv=1.10
1.24
Q:U 1.14
;:w 1.0 -
0.9+ 270K
275K
0.8 280K
LR | LR BRI B
0.001 0.01 0.1
|B'Bc| t
k
1.2
zv =1.00
1.1
m(.)
\_w 1.0 > =~ me=z T
x
_ 3.00K
0.9 305K
310K
0.8 Ty
46 2 46 2 46
0.001 0.01 0.1
|B-B,|t

C
139 zv =180
1.2
o 11
=
o 1.0 e
| 240K
09 2.43K
2.46 K
0.8 250 K
T T T
0.001  0.01 0.1
|B-Bg| t
zv=1.10
1.1+
o 1.0 = o= remaner
o
~» 0.9-
x . 283K
0.8 . 266K
. 270K
0.7 1
T T Ty T
0.001 0.01 01 1
|B-Bg| t
i
1.4+
zv=1.07
1.3
1.2
(=]
—~ 1.1
w
[\ g
1‘0_ PEp T
. 275K
0.9 . 280K
2.85K
0.8 e e
0.001 001 0.1
|B-B| t
1.24 zv=1.00
1.1
o
Q1.0 = =~
=
w
X 0.9
310K
0.8 315K
3.20K
0.7 3.25K
T T T
0.001 0.01 0.1

BBt




139 zv=1.15

© 1.1

—
w 1.0 == = s rwmm

o

0.8
. 320K
_ - 325K
0.8 . 335K
2 460 2 48" 2 46
0.001” " ‘.01 0.1
IB-Bt

- A arerTh

0.95+ 3.60 K
3.65 K
0.90- 3.70 K

1.20
zv =090
1.15]
1.10]
& 1.054
« 1004 - -

T T T
0.0001 0.001 0.01 0.1
|B'Bc|r

0.9+
. 390K
. 395K
0.8 . 400K
T MR | T T
0.001 001 01
|B-B|t
A\
zv =0.68
1.2
2 11
>
x 109 -- =~
0.9+

bbb B L BRI E AL B
0.001 0.01 0.1
|B-B|t

n
1.31 zv =1.00
1.2
o 117
o’ 1.0 -
0.9
0.8
™ Ty Ty T
0.001 0.01 0.1
|B-B|t
1.20
zv=0.90
1.15
o 1.10 3.70 K
3.75K
‘\m 1.05- 3.80K
o
1.004 IR T s
0.95- \
AELELLLALL BN RLLLL B LLLL LR L
0.0001 0.001 0.01 0.1
|B-B |t
t
zv =0.75
1.1
o 1.0 -
0
n: 0 9,
410K
4.20 K
0.8 430 K
0.001 001 01
|B-B|t
w
1.3 zv =0.62
1.2+
N 450K
o 460K
= 119 470K
0
o
1.0 oo e
0.9

kb B AL B A |
0.001 0.01 0.1
|B-Bg|t

144 2y =085

1.3
o 10 350K
o 12 355K
ey . 3.60K
NERE

|B-By|t
r
124 zv=0.77
1.1
[}
X 1.0
X 0.9
0.8
0.7
T Ty Ty
0.001  0.01 0.1
|B-B|t
u
zv=0.70
1.2
o 117
e
Em 104 + + « sniewm=
i 430K
0.9 4,40 K
450K
0.8
R ALY B B AL | T
0.0001 0.001 001 0.1
|B-B,|t
X
13 2v=058
1.2
[}
e . 460K
-~ ] . 470K
& M . 490K
1.0 = » wcmeunerr
- '\

0.001 0.01 0.1
|B-B.]t

Supplementary Figure 13: Finite-size scaling analysis. Normalized Rs extracted from

Supplementary Figure 12 as a function of the scaling variable |B-B.|t, where ¢ = (T/T)

and T denotes the lowest temperature in each set of R(B) curves>.
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