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Anderson localization is predicted to enhance the critical temperature of disordered superconductors.
Despite a huge body of theoretical work based on non-linear sigma models, experiments are lacking to
understand correlated electrons in disordered potentials. In this study, we investigate a tin monolayer
on silicon, a material known for its likely antiferromagnetic Mott-correlated ground state. We analyze
the statistical properties of tunneling conductance maps of increasingly localized states as we
approach the edge of the valence band. Using multifractal analysis, we show that the system follows
an exact symmetry relation based on the algebraic structure of nonlinear sigma-models (NLoMs). We
anticipate that this symmetry may be broken in specific — e.g., chiral — electronic phases. Finally, we
point out that multifractal analysis can equally be applied to universal conductance fluctuations in
magneto-transport experiments, thus providing a powerful tool to probe the underlying symmetries of

disordered electronic phases.

The combined role of disorder and electronic interactions is crucial in the
context of low-dimensional superconductivity, where the multifractality of
wave functions close to the localization transition is believed to enhance the
critical temperature T,.'”. Strikingly at odds with the usual quantum criti-
cality picture, recent kinetic inductance measurements in indium-oxide
films hint at a first-order transition from a superconductor to a Bose glass”.
In normal metals, on the other hand, the interplay of Coulomb repulsion
with disorder yields the Mott-Anderson transition™”: in 2D systems, the
Coulomb repulsion is predicted to hinder localization, rendering metallic an
otherwise localized phase’. The possibility of non-trivial topology in a
strongly disordered band insulator - the so-called topological Anderson
insulator — remains an open question’.

Our understanding of such interacting mesoscopic conductors
strongly relies on non-linear o-models (NLoMs), a class of field theories
introduced in the context of weak localization” and later generalized to
interacting electronic systems'’. NLoM describes the low-energy excitations
of disordered metals in terms of diffusons and cooperons, but can be
renormalized to very high disorder, at the Anderson transition. Although
their domain of validity is not known, they are widely used to describe metal-
insulator transitions and have even predicted multifractally-enhanced
superconductivity in the strong interaction - strong disorder limit>*'".
In this work, we take advantage of the so-called Weyl-group symmetry,

deeply rooted in the mathematical structure of NLoMs, to test their validity
across the effective metal-insulator transition at the band-edge of a corre-
lated 2d system'*"".

In recent years, tunneling local density of states (LDOS) maps have
revealed critical scalings and fractal-like structures in the quantum Hall
effect regime'®, at the surface of a dilute magnetic semiconductor'” and close
to the band edges of monolayer MoS,"*"*. For superconductors, a granu-
larity of the gap width order parameter was observed in relatively strongly
disordered thin films"*'™* close to the regime where NLoMs predict T,-
enhancement by Anderson localization*"". At lower disorder, enhanced
fluctuations of LDOS close to coherence peaks were observed*™” and
rationalized as a real-space analog of universal conductance fluctuations
(UCF)”. These high spectral resolution tunneling maps provide unmatched
insights into the role of disorder in low-dimensional electronic systems.

Due to its 2D nature and to the closeness in energy of exchange
interaction and on-site Coulomb repulsion, the 1/3 monolayer V3xA/3
reconstruction of tin on silicon hosts very rich electronic phases. At 77K, a
transfer of spectral weight from the Fermi level to two Hubbard bands, as
well as the appearance of a quasiparticle peak upon hole-doping, shows its
Mott insulating behavior** . Because of its triangular lattice, it could realize
the spin 1/2 triangular antiferromagnetic Heisenberg model, which hosts
quantum spin liquids and chiral spin states. A possible chiral
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superconductivity with a first hint of edge channels was recently observed in
the p-doped monolayer’".

In this study, we investigate the +/3 x +/3 reconstruction of tin on
n-doped silicon with high-resolution Scanning Tunneling Spectroscopy
(STS). We find the mobility edge using spatial correlation functions and
measure energy-dependent multifractal scalings across the metal-insulator
transition. Then, we use this model system to test NLoMs symmetry* in
the high interaction-high disorder regime, where their breakdown may be
expected. Interestingly, beyond spatial LDOS maps, our approach could be
applied to magneto-transport experiments since UCF'** also show multi-
fractal statistics. Multifractal scalings of magneto-conductance were
reported for high-mobility graphene transistors as functions of Fermi level
and temperature. We anticipate from our results and the extensive body of
theoretical literature on scaling-symmetry correspondence™ that multi-
fractal spectra of UCF could become a key tool in the exploration of
quantum phases, far beyond the study of Anderson localization.

Results

We prepared the /3 x +/3 reconstruction of tin on silicon by evaporating 1/
3 monolayer of tin on a n-doped Si (111) crystal with a resistivity in the
mQ.cm range at room temperature, following a well established
procedure®™ (see Methods). We obtained an almost pure /3 x /3
reconstruction of tin on silicon (111) with domains larger than 100 nm and
roughly 3 % of Si-substitutional and Sn-vacancy defects (see Fig. 1a). We
also report small domains of the denser 2+/3 x 2+/3 phase, in agreement
with previous studies” - see Supplementary Methods and Supplementary
Fig. 1. This system has been extensively studied theoretically, with strong
efforts to account for Coulomb repulsion and exchange interactions™** ™.
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Fig. 1 | Local-density of state maps through the valence-band edge of the Sn/Si
monolayer. a Topographic map of the tin monolayer deposited on silicon. For both
topography and spectroscopic data, the bias voltage is -1V and the current setpoint
100 pA. Except is specified otherwise, the temperature is fixed at 300 mK throughout
the paper. b dI/dV spectra taken at the lower band-edge of the tin monolayer along a
vertical line (cf. the black arrow indicates the X position on a). The color bar codes for
the dI/dV values. ¢ Crystalline structure of the tin /3 x +/3 tin reconstruction on a
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Although the nature of its ground-state remains debated, a consensus is
reached on its 2D nature close to the Fermi level, with bulk silicon bands
being at least 250 meV away from the surface band at any point in the
Brillouin zone. Note that the first silicon layers nevertheless have an
important contribution to surface states™”.

Now, focusing on the ground state, we measure tunneling spectro-
scopic maps at 300 mK across the edge of the valence band ([—1, —0.3] V),
see the line cut in Fig. 1b. The tunneling spectrum at 4 K (Fig. 1d) reveals a
clear insulating behavior with a large gap of about 0.6 eV. Spin-resolved
ARPES measurements*’ and our hybrid-functionals DFT calculations (not
yet published) show that this low temperature phase — which replaces the
Mott insulator reported by Ming et al.”® below roughly 20 K - probably
corresponds to a row-wise antiferromagnetic ground state and is due to a
subtle interplay of strong on-site Coulomb repulsion and exchange inter-
actions mediated by the first silicon layers.

Deep in the valence band (Fig. le-f), we observe extended states,
hereafter called metallic, with relatively low dispersion around the mean
value (relative standard deviation (RSD) of 19% at —0.65 eV). Close to the
gap-edge on the other hand, the density of states is extremely inhomoge-
neous and concentrates in small regions of the sample whose shape is
uncorrelated with the disorder’s distribution, a clear hallmark of Anderson
localization (RSD of 46% at —0.5 e€V). The Fourier transform of the con-
ductance maps of these states shows neat Bragg peaks of the /3 x /3
reconstruction. At higher binding energies, a well-developed quasiparticle
interference (QPI) signal reflects the band structure of the material and
shows the delocalized nature of these electronic states. By contrast, when
approaching the band edge, the QPIs become fuzzy while states appear
increasingly localized in real space. A detailed analysis of these QPI patterns
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Si(111) surface. d dI/dV spectroscopy at 4K reveals a large gap of roughly 0.6 eV.
e dI/dV map at —0.48 eV, very close to the band-edge. The color bar codes for the
differential conductance at a given energy and position in pS. f dI/dV maps at fixed
energy at E = {—0.65, —0.6, —0.55, —0.5} eV along with their Fourier transform
(quasi-particle interference patterns). The Relative Standard Deviation (RSD) of the
dI/dV map is given on each panel, and the color bar codes for the differential
conductance dI/dV.
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will be published elsewhere. In this work, we focus on understanding the
spatial and spectral structure of LDOS maps close to the band edge.

Metal-insulator transition

Critical scalings of LDOS distributions close to metal-insulator transitions
were previously reported at the surface of a diluted magnetic semiconductor'”
and at the band edge of a monolayer transition-metal dichalchogenides™. On
the theoretical side, a power-law decay of LDOS correlations is expected close
to the metal-insulator transition”. Let us then plot the angle-averaged 2-point
correlation function of # = dI/dV on Fig. 2a, b:

((E, r)n(E,R + 1)),
(n(E))*

C(E,R) = (1

where (), denotes spatial averaging. On the C(E, R) map (see a-b), we find
that states at energies E < —0.65 eV keep very high spatial correlations at
long distance whereas those at energies E > —0.65 show a strong decay with
R. In line with similar observations on MoS,”, we rationalize this extended-
to-localized crossover as an effective metal-insulator transition with
E. = —0.65 eV for the mobility edge. On panel a, the black dashed line
follows a power law |E — E_| " yielding an apparent critical exponent
Vapp = 0.75 £ 0.1. Surprisingly, v,,p, = 0.75 does not respect the Harris
criterion for the correlation length exponent of phase transitions in
disordered systems v > 2/d = 1*'. Although this suggests that v,,,, may not
correspond to a true critical exponent and despite the extended character of
states for E < E. remaining uncertain, we still use the concepts of ’extended
states’ and ‘mobility edge’ in the following, since they make perfect sense at
the scale of our STM map.

On panel b, we observe that the decay of correlations with distance is
compatible with a power-law close to the band-edge as pointed by the black
and red lines that have respective exponents —0.03 and —0.05. In a diffusive
system where the spatial extent of electronic interference is set by the
Thouless length Lry,, one expects spatial correlations to follow C(E, R) ~
(Ly,/R)™™ with the exponent A, being the anomalous fractal exponent,
defined such that for the density of states p, {p?),/(p)? ~ r~22". Note that
throughout the paper, we write p for the density of states and # for the
differential tunneling conductivity. A, can be obtained independently of
correlation functions through the multifractal analysis of LDOS maps (see
panel c), as was experimentally reported on a handful of systems'”'****>*,
From the radial correlation functions plotted on Fig. 2b, we extract the
power-law exponents of C(E, R) and plot them against energy on panel c.
Using multifractal analysis, we compute the spatial scaling of the LDOS’s
second moment p’ and extract the multifractal exponent A, which we also

a Spatial autocorrelation

plot on Fig. 2c. Clearly, A, matches the power-law exponent of C(E, R) at all
energies, as predicted theoretically’.

Multifractal analysis. Multifractal analysis generalizes traditional fractal
analysis to the scaling dimension of all qth moments p7 of the LDOS. This
set of scaling dimensions can be Legendre-transformed into the multi-
fractal spectrum f(«), showing a typical inverted parabolic shape. The f{a)
spectrum can be thought of as a distribution function of regions with
critical exponent a, or more precisely as the fractal dimension of the set of
regions with scaling dimension &**** (see Supplementary Note 1). As a
consequence, the criticality spectrum of non-fractal states is typically an
infinitely narrow peak (a Dirac distribution) centered at the set’s
dimension (here d=2). In contrast, the spectrum of monofractal states is
also a Dirac distribution but centered at the set’s fractal dimension (d<2).
More generally, multifractal states show a range of scaling dimensions
which is described by a broadened distribution fla). As they can be
computed from NLoMs™, tight-binding Anderson models*** and
experimentally measured from STM maps'”'** but also magneto-
transport data®, multifractal spectra have become a central tool in the
study of mesoscopic conductors. In the inset of Fig. 2c, we plot the
multifractal spectra fla) for various energies. Note that spectra for
increasingly localized states are broadened and shifted to higher « values,
the shift’s amplitude being also given by the 2™ scaling exponent
a9 —2 = —A,/2. Clearly, A, strongly increases in magnitude across the
metal-insulator transition, from roughly — 107 in the metallic regime up
to —107" in the localized phase, suggesting an Anderson-localization
origin of the increased multifractality. This increased multifractality at
the band edge is in very good agreement with previous measurements on
Pb-Bi surface alloy"* and MoS,™.

Energy-scaling of LDOS fluctuations

Let us now probe LDOS fluctuations on the localized side of the transition,
between the mobility edge E. = —0.65 eV and the band-edge. We correct for
tip-height fluctuations by normalizing the differential conductance at set-
point energy E, (see Supplementary Methods) and plot the spatially-
averaged conductance #,(E) on Fig. 3 a. On panel b, we show the LDOS
normalized variance
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By fitting the vanishing of mean-density of states, we find the band-edge
to be at Eeqge = —0.38  0.01 eV (cfa-inset). Between this threshold and

a*(E) @

C Multifractal analysis

L E.=0.65eV

+ E.=-0.65eV

0.00

| |
o o
o o
5 o

L )

—0.06 A

C(E,R) Exponent

'Y.R—O.OS —0.08 1
N ’ 200 2.04
—-0.10 1

-09 -08 -0.7 -06 -05

1 b 1.00
1
10t an !
(E-Eo) “ 1.00 0.95 -
\ -1
_ ‘\ -0.7 -0.6 -05 0.99 E 090 J
: \ ]
£ \ 0.90 3
o . 0.80 0.85
N~ 0.70 %
Extended 0.60 g
10° -0.6 >
C(E,R) 0.80 A <y
2
-0.8 W
: ‘ : : 0.75 ,
-0.70 ~0.60 -0.50 100
Energy (eV)

Fig. 2 | Local density of states spatial correlation functions. a Iso-energy radial
correlation functions C(E, R) of dI/dV maps at fixed energy. The x-axis denotes the
energy of the maps and the y-axis the log of distance. The inset represents the same
data but with a linear R axis. The black dashed line is a power law |E — E_| " with
E. = —0.65 eV and v,p,;, = 0.75. b Radial correlations as a function of energy, with E
ranging from -0.8 eV to -0.45 V. The black and red lines follow power laws of
exponents —0.03 and —0.05. The color bar accounts for the energy of the LDOS map.
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¢ Power law exponent of C(E, R) fits as a function of energy plotted along with the
fractal scaling exponent A, measured by multifractal analysis. The inset shows
multifractal spectra taken at all energies (zooming on the region where fla) ~2). The
color codes for energy as on the main plot. This panel shows that the exponent of
correlation functions fitted from panel b perfectly corresponds to fractal exponent
Ay, as predicted by theory’.

Communications Physics| (2025)8:474


www.nature.com/commsphys

https://doi.org/10.1038/s42005-025-02374-w

Article

E.=-0. V y Eedgqe=-0.38eV 1 10'
a 200 =-0.65¢ * edge’ ? b o040 r C 10 N Energy scaling e T
=(plo | | N Bt S
1 0.35 . _ 1%y AR
250 i I ]2 y RN
[ 0.30 I ° 10-14 == Ve=100THz N
| . Yei=150 THz RN
200 1 I —
. 0.05 4 | < ! Yer=250 THz \
& [ Sl 102 : > 102 . .
=% i_g : | o 20 100 600 -0.8 0.6 0.4

0 = 150 2 N 0.20 q | @ |E-Egap| (meV)

o= L9 [} 3 gap ;

[ap t(.p)o/S l 3 : l 2 d DOS scaling f 10 2 B=0T /
S oo § band jel 0.151 lg| 034> — e /
= E | edge = 2 ] — 02B=65T

) i |21 | g 1004

5 E = 0.10 4 . g 02 - 026logion | g

50 ! | ! | ) -0.2210g10 n I
! | ! 0.05 | 011 — oot

0 . .

04 -045  -0.38 -0.33 [t B=6.5T 73
T T —1 0.00 + : : ! 0.0+ r 102 " "
-0.95 -0.80 -0.60 -0.45 -0.30 -0.95 -0.80 -0.60 -0.45 102 -0.8 -06 -0.4
Energy (eV) Energy (eV) DOS (na(E)) (pS) Energy (eV)

Fig. 3 | Energy-dispersion of the local density of states variance. a Mean nor-
malized dI/dV spectrum (1, (E)), as a function of energy. The grey area denotes the
standard deviation on the map. For E > — 0.45 eV, a large part of the grid’s pixels have
negative dI/dV, corresponding to a dominance of noise in this highly insulating region.
We shall therefore focus on the E < —0.45 eV region. b Lin-lin and lin-log plots of
the normalized variance computed on an iso-energy LDOS map o* = (p*)/{p)>. On
¢, we shift the origin of energies to the band edge and show that adding a magnetic field

of 6.5 T slightly changes the scaling law. d Variance o*(E) versus mean (1, (E)), of
normalized tunneling conductance. e Dimensionless conductance g(E) in the parabolic
diffusive band model (g(E) = Ap(E)D(E)) as a function of energy, for different elastic
scattering rates y,. The Thouless energy is set at Eyy, = 30ueV. f Comparison of the
experimental o°(E) with the weak-disorder model 1/47g(E) for

Yer = {100, 150, 250} THz.

—0.45 eV, we have a high-noise region where a substantial proportion of
pixels shows negative tunneling conductance and which we discard in
further statistical analysis. Clearly, whereas the density of states decreases in
a roughly linear way, o” rises very sharply on almost two decades (b).

To perform a scaling analysis, we shift the origin of energies to the
band-edge Ecqq. = —0.38 €V and compute the normalized variance of dI/dV
maps at energy E as a function of their distance to the gap w = |E — Eqge|- As
shown in Fig. 3 ¢, we obtain a scaling law o7 (E) ~ w™'7 suggesting a
critical behavior close to the band edge. We reproduced this measurement at
the exact same position with a 6.5 Tesla magnetic field and found that this
scaling law to slightly departs from the zero-field case with w ™"’ instead of
w~'7. In Supplementary Note 2, Supplementary Fig. 4, we show that LDOS
maps at zero and 6.5 T are extremely similar, as we can expect for an
antiferromagnetic Mott-exchange insulator with an on-site Coulomb
energy of about 1 eV. Finally, we report a log-scaling relation between the
mean and variance of LDOS maps: 0> = —0.22log (17, ),/320 pS holding
on for more than a decade (c¢f.d). We are not aware of such a scaling being
reported before and believe it is a valuable observation on the role of density
of states on Anderson transitions. Let us mention here that these scaling laws
are empirical observations over roughly one decade and do not suffice to
fully demonstrate a critical behavior.

Numerical exploration. To rationalize these scalings, we used the pro-
totypical numerical model of a disordered metal: the Anderson tight-
binding model on a square lattice for varying disorder strength. We found
the band-edge scalings in to be relatively good agreement with the
experiments. Considering the possibility that the ground state might have
antiferromagnetic order, we intentionally broke time-reversal symmetry
using a random Peierls field in each lattice cell instead of an on-site
disorder. In the framework of Wigner-Dyson classification®, we expect
this model to be of unitary class in contrast with the orthogonal class of
the Anderson model. Overall, we find a slightly better match for the
unitary model than for the Anderson model, but the moderate agreement
with experiments is insufficient to unambiguously tip the balance
towards one or the other symmetry class(see Supplementary Note 3 and
Supplementary Fig. 5 for details).

Estimating g(E). As an alternative to tight-binding numerical models, we
used analytical results from the non-linear 0 models to extract the energy-
dependent effective disorder strength. In this framework, we expect ¢®
(and the scaling exponent 4,) to scale like the inverse dimensionless
conductance of the layer g = Gh/e’ *° - for the same reasons that the

weak localization correction to conductivity scales like 1/g. To test this
scaling, we estimate the energy-dependent conductivity g(E) across the
metal-insulator transition. To do so, we used the minimal model for a 2D
metal of a diffusive parabolic band, with its edge at E.g5e = —0.38 eV.

Parabolic band Drude model. In the diffusive regime, we write
g(E) = hD(E)p(E), where p is the density of states and the diffusion
coefficient depends on the electronic velocity at energy E and the elastic
scattering rate D(E) = v(E)*/y.. Note that y,, is energy independent at first
order because charge carrier velocity ~ ik/m compensates the scattering
cross-section ~1/k. Inferring the elastic scattering rate from the density of
defects in the topographic map, we find y ~170 THz. We estimate the
energy-dependent density of states from a parabolic approximation
(po ~2m/2mh*) and the experimental dI/dV curve (see Supplementary
Note 4 and Supplementary Fig. 6 for details). From this model, we obtain
the energy-dependent dimensionless conductance g(E), which we com-
pare to LDOS variance ¢ to test the theoretical prediction that
*(E) ~1/4ng(E).

Comparison with o). On Fig. 3e, we plot the energy-dependent
dimensionless conductance g(E) for y, € {100, 150, 250} THz, assuming
the Thouless energy to be of the order of the thermal energy
Ern ~kgT = 30 pueV. On panel £, we plot 1/4mg(E) along with the experi-
mental ¢® curve. We find a very good agreement, suggesting that the
elastic scattering rate is indeed very close to our estimate of 170 THz.
With an electronic velocity of the order of 3 - 10° m/s in the extended
regime, this corresponds to a mean free path of about 2 nm, consistent
with the defect density in the topographic map. From this experimental
agreement, we can be relatively confident in the energy-dependent
effective conductivity of panel e : between —0.9 and —0.45 eV, g(E) drops
by almost 2 orders of magnitude between roughly 5 and 0.1. Let us reflect
here on the fact that our analysis allows inferring g(E), an energy-
dependent dynamic quantity involving scattering rates, from equilibrium
interference patterns.

Non-linear o-model symmetry

Now that we have rationalized the amplitude of fluctuations ¢*(E) and
obtained an estimate of the energy-dependent dimensionless conductance
g(E), let us turn again to the detailed fractal structure of iso-energy LDOS
maps. We mentioned non-linear ¢ models, a class of field theories inspired
by the scaling theory of localization to describe low-energy modes - diffu-
sons and cooperons - of disordered conductors. Over a few decades, NLoMs
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have strongly advanced the understanding of disordered metals and
superconductors as well as metal-insulator transitions. The formal mapping
between supersymmetric sigma models and random matrix theory allowed
relating scaling properties of the DOS moments with the symmetry class of
the underlying tight-binding Hamiltonian, for instance, whether spin-
rotation, time reversal or chiral symmetry is preserved™'"**. Interestingly,
the algebraic structure of o-models themselves introduces another sym-
metry, the so-called Weyl-group symmetry, rooted in the algebraic structure
of the field theory'. This underlying symmetry, constrains the distribution
functions and the multifractal spectra of the LDOS in the form of exact
relations"*"” which hold generally for very large classes of Hamiltonians -
including all Wigner-Dyson classes'>*. Let us quickly sketch the historical
developments of these relations. In 1994, a symmetry relation for the LDOS
distribution function at the metal-insulator transition was derived'*".

P(p) = p~*P(p™") G

followed a few years later by an analog relation for multifractal spectra':

f@=fed—0—d+a )
As discussed earlier, the multifractal spectrum flar) describes the scaling
exponents of the spatial LDOS distribution at a fixed energy. Eq. (4) enforces
a left-right symmetry on multifractal spectra, i.e. a symmetry between
regions of weak and strong deviations to the mean LDOS. It is a few years
later that, as we mentioned, Egs. (3) and (4) were shown to hold at the level

a Distribution functions

of NLoMs by Gruzberg et al."*, thus offering a powerful test of the validity of
NLoMs, in particular for strongly disordered interacting systems.

Indeed, since Finkel'stein introduced electron-electron interactions
into NLoMs'*”, the theory lead among other predictions, to multifractally-
enhanced superconductivity in the strong interaction-strong disorder
conditions despite the relevance of NLoMs being uncertain in this limit**'".
In this context, the Weyl-group symmetry relations of Egs. (3) and (4)
emerge as a very powerful tool to test the validity of NLoMs and were
recently tested numerically for the power-law banded random matrices
models™, the 2D Anderson model in the symplectic class®>, and the 3d
Anderson transition™. To our knowledge, however, they were not yet tested
on experimental datasets. In this context, we use Egs. (3), (4) to test the

presence of the fundamental Weyl-group symmetry of NLoMs in the
n-doped Sn/Si correlated 2D system.

Distribution functions. Let us firstly turn to the distribution of nor-
malized tunneling conductance : P(77) where i = #/(5),. On Fig. 4a, we
plot the distribution functions P(#) of the normalized differential con-
ductance dI/dV at various energies (solid line). We see that the LDOS
distributions are continuously broadened when approaching the band
edge. Notably, this broadening is very asymmetric and the distribution’s
fat-tail is strengthened when approaching the band-edge, in good
agreement with recent measurements on Pb-Bi surface alloys'*.

To test Eq. (3), we plot on Fig. 4 the dual distribution 7 >P(77")
(dashed lines) which is predicted to match P(#). Clearly, the agreement is
excellent in the metallic regime. For localized states (E > E. = —0.65 eV)
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Fig. 4 | Distribution functions and multifractal analysis. a Solid lines denote the
dI/dV distribution functions (or histogram) P(#) of differential conductance values
7A(E) at energy E = {—0.9, —0.8, —0.7, —0.6, —0.57, —0.54, —0.5, —0.48} eV. Black
dashed lines correspond to 7> P(1/7). We recall that the mobility edge is at —0.65
eV. b Solid lines denote the multifractal spectra f(«) of dI/dV maps at energy E =

{—=0.9,—0.8,—0.7,— 0.6, — 0.57, — 0.54, — 0.5, — 0.48} eV. Red dashed lines account
for f(4 — &) — 2 + a. Multifractal spectra f{a) are fitted with the weak-multifractality
solution Eq. (5) (black dash-dotted lines). « is given in Supplementary Note 1 and

Supplementary Fig. 2 along with a polynomial interpolation in Supplementary
Table 1.
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however, a systematic difference between the solid and dashed lines
develops until strong deviations to Eq. (3) are obtained above —0.5 eV. We
have to consider here that the exact symmetry relation Eq. (3) is written for
the density of states p, which differs by an unknown constant from the
tunneling conductance, and forces us to use the normalized DOS instead. At
low disorder, Lerner has shown that normalized DOS has a log-normal
distribution, which follows Eq. (3)*%. At higher disorder, however, it is harder
to exclude this effect, and we cannot fully rule out that the deviations to
Eq. (3) are due to the normalization of the DOS.

Multifractal spectra. On Fig. 4b, we plot the multifractal spectra fl) across
the metal-insulator transition (already shown in Fig. 2c). Here 2(a—2) can be
seen as a scaling exponent and f{a) as the probability density of this scaling
on a given map. When approaching the insulating phase, the spectra are
broadened and shifted to the right, reaching their apex at ay > 2*.

To test the symmetry relation Eq. (4), we plot with red dashed lines the
right-hand side of Eq. (4), fl4—a) —2 + « on Fig. 4b. Both spectra remain
perfectly on top of each other down to —0.48 eV, only 0.1 V away from the
true band-edge. This perfect agreement across the metal-insulator transition
provides a very convincing proof of the validity of Eq. (4) up to the strongly
localized regime and in turn demonstrates the robustness of NLoMs.

Weak-multifractality fits. Although multifractal spectra are not known
theoretically at strong disorder, a single parameter controls the low-
disorder spectrum : the multifractal exponent A, (see A,(E) on Fig. 2¢),
and A, itself scales with inverse conductance A, ~ —1/g, similarly to ¢”. In
this limit, the spectra are peaked at oy = 2—A,/2 and write

(o — “0)2

4(ay —2) ©)

f@=2-

We show on Fig. 4 that Eq. (5) fits perfectly at all energies, with correlation
factors R* above 0.995 (dash-dotted lines). We give a polynomial inter-
polation formula of ay(E) in Supplementary Note 1 to allow one to easily
replot the full set of multifractal spectra.

In surprising agreement with the weak-multifractality phenomenol-
ogy, the full set of multifractal spectra across the metal-insulator transition is
controlled by the energy-dependent multifractal exponent A,(E) (plotted on
Fig. 2¢). This strong f{«) parabolicity down to g ~ 0.1 is a stronger result than
the Weyl-group symmetry (which it directly implies) and fully supports the
validity of NLoMs in the localized regime of the n-doped Sn/Si monolayer.

Spectral correlation functions. For the sake of completeness, we also
computed the energy-energy correlation functions experimentally, and
compared with theoretical predictions from the NLoM (see Supple-
mentary Notes 2 & 4 and Supplementary Figs. 3 & 7).

Discussion

Let us now draw the conclusions from our combined analysis of LDOS cor-
relations, energy scalings of fluctuations and multifractal spectra. From spatial
correlation functions, we found the mobility edge and the energy scaling of
correlation length at the effective metal-insulator transition. Then, using o{E)
scalings and a parabolic band Drude model, we determined that the dimen-
sionless conductance g(E) drops by more than one decade through the metal-
insulator transition, from roughly 5 in the metallic range down to 0.1 at the
band-edge. Finally, we demonstrated that the multifractal scalings of iso-
energy LDOS maps closely follow a range of weak-disorder predictions from
NLoMs, being eventually fully parametrized by the energy-dependent multi-
fractal exponent A,(E). In particular, the fla) spectra obey Weyl-group sym-
metry relations based in NLoMs, thus supporting the validity of NLoMs in
disordered and strongly correlated 2d electronic systems.

A key point regarding Weyl-group symmetry relation Eq. (4) is its
holding on the Wigner-Dyson symmetry classes'*'***, which includes the
orthogonal class of non-interacting normal metals, the unitary class for non
time-reversal symmetric systems, and the symplectic classes when spin-

rotational symmetry is lost. Interestingly, recent reports of chiral super-
conductivity in the hole-doped Sn/Si phase suggest that its ground state may
be in the chiral or Bogoliubov-de-Gennes classes instead of Wigner-
Dyson’. Thus, it would be very valuable to measure multifractal spectra in
the highly p-doped samples down to the superconducting phase, possibly
taking advantage of the vanishing DOS at the superconducting gap-edge to
probe localized states”.

Finally, we suggest extending our study to universal conductance
fluctuations instead of LDOS maps, since they are measured from com-
paratively simpler magneto-transport measurements. Recently, enhanced
multifractality at the Dirac peak of high-mobility graphene was reported™.
Systematic multifractal analysis of UCF from magneto-conductance mea-
surements could then help to determine the symmetries of unknown
quantum materials.

Conclusion

Building on recent experimental measurements of multifractality in tun-
neling conductance maps'”'****, we map LDOS fluctuations through the
metal-insulator transition at the valence band-edge of a strongly correlated
2d material, the /3 x /3 phase of tin on silicon. From LDOS spatial cor-
relations, we find an apparent mobility edge with a critical exponent
Vapp = 0.75 for the correlation length and report an energy scaling for the
relative LDOS variance close to the band-edge o’~|E—Ecqq| 7, which is
slightly modified by a 6.5 T transverse magnetic field. Using the relation
between multifractal exponents and conductance derived from NLoMs, we
estimate the energy-dependent dimensionless conductance g across the
metal-insulator transition and explain the strong increase in LDOS relative
variance at the band-edge. Then, we successfully test multifractal symmetry
relations based on the algebraic structure of NLoMs of the Wigner-Dyson
symmetry class. We show that even on such a strongly correlated system,
they hold up from g ~5 down to at least g ~ 0.1, thus constraining theories for
highly-disordered interacting systems. We further show that multifractal
spectra in fact obey a stronger law down to g ~ 0.1, the weak-disorder
parabolic form derived from NLoMs.

To help unifying localization studies on correlated electronic systems,
we bridge together many key results in a consistent picture of a single model
material. Our findings pave the way to infer electronic symmetries from
quantum interference signals. If the p-doped Sn/Si monolayer is a chiral
superconductor, as recently reported” - then multifractal spectra should
not be of Wigner-Dyson symmetry and could obey different symmetry
relations'. Finally, multifractal scalings in the universal conductance fluc-
tuations should also show Weyl-group symmetry relations" and recent
measurements in high-mobility graphene strongly suggest extending our
methodology to transport experiments”.

Methods

Sample preparation

In the preparation chamber of our homemade scanning-tunneling micro-
scope, we prepared the /3 x /3 reconstruction of tin on silicon (111)
following the standard recipe”***: a highly n-doped Si(111) sample with
room-temperature resistivity in the mQ.cm range was flashed to 1100 °C in
ultra-high vacuum and slowly cooled down to 600 °C until the 7 x 7
reconstruction was consistently observed. Keeping the substrate’s tem-
perature at 600 “C, we then evaporated 1/3 monolayer of tin from an e-beam
evaporator (at a rate of about 0.15 monolayer per min) before cooling down
the sample to 500 °C in one minute.

STM measurements

We measured the sample at 300 mK in a homemade STM system with base
pressure of 10" mbar. We use metallic Ptlr tips. At each point of a 50 nm
square grid, we set the tip height using a current setpoint of 100 pA under a
bias voltage of —1V and record the I(V) spectrum up to —0.4V. The dif-
ferential conductance is then computed numerically. The magnetic field is
applied perpendicular to the sample’s surface with superconducting coils.
Additional STM maps can be found in Supplementary Methods.
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Data availability

The figures can be replotted from the Supplementary data file. The original
data that support the findings of this study are available from the corre-
sponding authors (Mathieu Lizée or Tristan Cren) upon reasonable request.
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