npj | Quantum Materials

ARTICLE

www.nature.com/npjquantmats

W) Check for updates

Low-temperature dielectric anomaly arising from electronic
phase separation at the Mott insulator-metal transition
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Coulomb repulsion among conduction electrons in solids hinders their motion and leads to a rise in resistivity. A regime of
electronic phase separation is expected at the first-order phase transition between a correlated metal and a paramagnetic Mott
insulator, but remains unexplored experimentally as well as theoretically nearby T= 0. We approach this issue by assessing the
complex permittivity via dielectric spectroscopy, which provides vivid mapping of the Mott transition and deep insight into its
microscopic nature. Our experiments utilizing both physical pressure and chemical substitution consistently reveal a strong
enhancement of the quasi-static dielectric constant &; when correlations are tuned through the critical value. All experimental
trends are captured by dynamical mean-field theory of the single-band Hubbard model supplemented by percolation theory. Our
findings suggest a similar ‘dielectric catastrophe’ in many other correlated materials and explain previous observations that were

assigned to multiferroicity or ferroelectricity.
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INTRODUCTION

Insulator-metal transitions (IMTs) remain one of the unresolved
science problems of condensed-matter physics, which are rather
general and of fundamental importance. Especially intriguing are
those IMTs not associated with static symmetry changes, where
paradigms for conventional phase transitions provide little
guidance. Early examples of such behavior are found in certain
disorder-driven IMTs'. In recent years, IMTs with no symmetry
breaking were also identified around the Mott transition®~, which
bears close connection to exotic states of strongly correlated
electron matter, such as unconventional superconductivity and
quantum spin liquids (QSLs). From a theoretical point of view, the
single-band Hubbard model is well understood®’, and is found to
be in excellent agreement with experiments®®~'°, While com-
monly concealed by antiferromagnetism, recent development in
the field of organic QSLs enabled investigation of the low-
temperature Mott IMT in absence of magnetic order''™',
revealing finite-frequency precursors of the metal already on the
insulating side'®.

At half filling, the Mott insulator and the correlated metal
converge at the critical endpoint T (Fig. 1). The former is
bounded by a quantume-critical region along the quantum Widom
line (QWL)>'>"8, On the metallic side, resistivity maxima at the
Brinkman-Rice temperature Tgg signal the thermal destruction of
resilient quasiparticles'®?® and the crossover to semiconducting
transport. Below T, the IMT is of first order and comprises an
insulator-metal coexistence regime®'®'”. Figure 1 displays the
phase diagram of genuine Mott systems at half filling without
magnetic order'”, as realized in triangular-lattice organic com-
pounds subject to strong geometrical frustration®''"'*?'. Note,
many oxides are charge-transfer insulators®* and involve a
pronounced coupling of the IMT to the lattice’®?®, whereas the

molecular materials studied here are ideal model systems to
elucidate single-band Mott insulators without significant structural
modifications at the transition to the metallic state. It is currently
debated whether the electrodynamics of the genuine Mott IMT is
dominated by closing of the Mott gap or by spatial inhomogene-
ity, fueled by recent low-temperature transport studies'®.

Although the high-quality crystals we investigate typically
feature uniform insulating and metallic phases, the situation is
more subtle within the IMT phase-coexistence region at T< Tt
Similarly to most other systems close to first-order phase
transitions, here one generally expects spatial segregation into
domains of the coexisting phases, and the associated metast-
ability and hysteresis phenomena. Seminal transport and suscept-
ibility experiments indeed found a pronounced hysteresis in the
Mott systems V,03; and k-(BEDT-TTF),Cu[N(CN),]Cl featuring
magnetically-ordered ground states®®?4. Unfortunately, analogue
measurements with continuous pressure tuning are not feasible
on QSL compounds, such as k-(BEDT-TTF),Cu,(CN)s;, due to the
low temperatures (T<20 K) and high pressures (p>1 kbar)
required to cross the first-order IMT. Alternative methods are,
therefore, required in these systems in order to reveal and map-
out regimes where such inhomogeneous electronic states arise.
While different microscopic mechanisms can, in principle,
contribute to stabilizing such inhomogeneous phase separation
(see discussion below), in electronic systems it proves to
dramatically modify the electrodynamic response leading to
robust percolation phenomena that depend only weakly on the
system-dependent details. This observation, as we shall demon-
strate below, allows us to clearly recognize and understand the
regime dominated by phase coexistence, resolving much of the
controversy associated with the nature of the Mott point in QSL
compounds.

"1. Physikalisches Institut, Universitat Stuttgart, 70569 Stuttgart, Germany. Department of Physics and Astronomy, UCLA, Los Angeles, CA 90095, USA. *Department of Physics
and National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32306, USA. “Department of Physics, Hokkaido University, Sapporo 060-0810, Japan.
®Inst. fiir Klinische Radiologie und Nuklearmedizin, Universitit Heidelberg, Mannheim, Germany. *Material Science Division, Argonne National Laboratory, Argonne, IL 60439-
4831, USA. "Division of Materials Research, National Science Foundation, Alexandria, VA 22314, USA. ®These authors contributed equally. A. Pustogow, R. Résslhuber, Y. Tan.
HMemail: andrej.pustogow@pil.physik.uni-stuttgart.de; vlad@magnet.fsu.edu; dressel@pil.physik.uni-stuttgart.de

Published in partnership with Nanjing University

NP| nature partner
pJ journals


http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-020-00307-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-020-00307-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-020-00307-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-020-00307-0&domain=pdf
http://orcid.org/0000-0001-9428-5083
http://orcid.org/0000-0001-9428-5083
http://orcid.org/0000-0001-9428-5083
http://orcid.org/0000-0001-9428-5083
http://orcid.org/0000-0001-9428-5083
http://orcid.org/0000-0002-4610-2382
http://orcid.org/0000-0002-4610-2382
http://orcid.org/0000-0002-4610-2382
http://orcid.org/0000-0002-4610-2382
http://orcid.org/0000-0002-4610-2382
http://orcid.org/0000-0002-1411-6093
http://orcid.org/0000-0002-1411-6093
http://orcid.org/0000-0002-1411-6093
http://orcid.org/0000-0002-1411-6093
http://orcid.org/0000-0002-1411-6093
http://orcid.org/0000-0002-7525-2662
http://orcid.org/0000-0002-7525-2662
http://orcid.org/0000-0002-7525-2662
http://orcid.org/0000-0002-7525-2662
http://orcid.org/0000-0002-7525-2662
http://orcid.org/0000-0003-1907-052X
http://orcid.org/0000-0003-1907-052X
http://orcid.org/0000-0003-1907-052X
http://orcid.org/0000-0003-1907-052X
http://orcid.org/0000-0003-1907-052X
https://doi.org/10.1038/s41535-020-00307-0
mailto:andrej.pustogow@pi1.physik.uni-stuttgart.de
mailto:vlad@magnet.fsu.edu
mailto:dressel@pi1.physik.uni-stuttgart.de
www.nature.com/npjquantmats

npj

A. Pustogow et al.

a - b
|n<_:oherent g QWL
b semiconductor ]
— £
quantum, , S~ dp/dT <0
do, M\ p
o A
:::; ’00; c
©
g o TdpaT>0 [ = / N
£ / bad metal
© T
d
7—FL
[o%
Bandwidth (Pressure) T2
Fig. 1 Electronic transport regimes around the genuine Mott

insulator-metal transition at half filling. a Tuning the bandwidth
W, for instance by chemical or physical pressure, transforms a Mott
insulator to a correlated metal. Dynamical mean-field theory
predicts a first-order transition with phase coexistence (delimited
by solid lines) up to the critical endpoint®, and a quantum-critical
regime associated with the quantum Widom line (QWL, dashed
black line) above T.;'. The metallic state is confined by the
Brinkman-Rice temperature Tgg (dashed cyan) at T>T.y the
coherent Fermi-liquid regime by T¢ (dashed blue). When interac-
tions U are comparable to W, and T> T, semiconducting behavior
prevails; neither a gap nor a quasiparticle peak are stabilized.
b-d Resistivity signatures of the crossovers in dc transport. b The
steepest slope of In {p(p)} indicates the crossing of the QWL upon a
pressure sweep. ¢ Tgg indicates the transition from an insulating
(dp/dT < 0) to a metallic (dp/dT > 0) temperature dependence. d The
o(T) « T? behavior extends up to Te..

A more direct insight into the coexistence region was provided
by spatially resolved optical spectroscopy?>. The most compelling
results came from near-field infrared experiments on VO, by Basov
and collaborators®® where a spatial separation of metallic and
insulating regions upon heating could be visualized, in accord
with X-ray studies'®%’; the range of hysteresis in p(7) coincides
with the observed phase coexistence. Although recent develop-
ments in cryogenic near-field instrumentation are rather promis-
ing®73°, they fall short of covering the regime T<Tg =15 K
required here and do not allow for pressure tuning. For this
reason, we suggest dielectric spectroscopy as a powerful bulk-
sensitive method in order to unravel the coexistence regime,
distinguish the individual phases and obtain a deeper under-
standing of the dynamics around the IMT. The complex
conductivity o, +io, not only reveals the closing of the Mott
gap but yields insight into the growth of metallic regions and the
formation of quasiparticles as correlation effects decrease.

Here we tackle the fundamental question whether the
electrodynamic response around the Mott IMT is overwhelmed
by the gradual decrease of the Mott-Hubbard gap within a
homogeneous insulating phase, or whether the effects of phase
coexistence dominate. Furthermore, is it possible to distinguish on
the metallic side between the coherent (quasiparticle) low-T
regime and incoherent transport at high-T? To answer these
questions, we present temperature- and frequency-dependent
dielectric measurements on a genuine Mott compound that is
bandwidth-tuned across its first-order IMT. In addition to
hydrostatic pressure we developed an innovative approach of
chemically substituting the organic donor molecules. The experi-
mental findings are complemented by dynamical mean-field
theory (DMFT) calculations, incorporating spatial inhomogeneities
in a hybrid approach. We conclude that electronic phase
segregation plays a crucial role, leading to percolative phenomena
due to the separation of insulating and metallic regions, also
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allowing clear and precise mapping of different dynamical
regimes around the IMT.

RESULTS

Mott transition through pressure and chemical substitution
We have chosen k-(BEDT-TTF),Cu,(CN)s single crystals for our
investigations because this paradigmatic QSL candidate is well
characterized by electric, optical and magnetic measure-
ments>'#15213132  Although the dimerized charge-transfer salt
possesses a half-filled conduction band, strong electronic interac-
tion U =250 meV stabilizes a Mott-insulating state below the QWL
(TowL =185 K at ambient pressure®'®) with no magnetic order
observed down to mK temperatures®. The effective correlation
strength U/W can be reduced by increasing the bandwidth W; for
pressure p>1.4 kbar the metallic state is reached at low
temperatures, with T.i;=15-20 K. In addition, we exploited an
alternative route of partially replacing the S atoms of the donor
molecules by Se, where more extended orbitals lead to larger
bandwidth (see sketches in Fig. 2h, k). The substitutional series
K-[(BEDT-TTF); _,(BEDT-STF),],Cu,(CN); (0<x <1, abbreviated «-
STF,) spans the interval ranging from a Mott insulator to a Fermi-
liquid metal. Details on the sample characterization and experi-
mental methods are given in Supplementary Note 1. Here we
focus on the out-of-plane dielectric response measured from f=
7.5 kHz to 5 MHz down to T=5 K. Both physical pressure and
BEDT-STF substitution allow us to monitor the permittivity while
shifting the system across the first-order IMT.

Metal-insulator transition mapped by dielectric permittivity
Figure 2 displays the temperature-dependent conductivity and
permittivity data of k-(BEDT-TTF),Cu,(CN)s when p rises (a-e) and
x increases in k-STF, (f-j). The insulating state (p < 1.4 kbar, x < 0.1),
characterized by do,/dT > 0, generally features small positive & =
10. The relaxor-like response previously observed in the parent
compound below 50 K has been subject of debate®*?* The
metallic state (p >3 kbar, x>0.2) is defined by do,/dT<0 and,
concomitantly, &; < 0 that becomes very large at low T as itinerant
electrons increasingly screen. Comparison of the results in Fig. 2j
with optical data measured on the same substitution yields fair
agreement of the metallic values &, < 0 (see Supplementary Fig. 7).
This onset of metallic transport identifies Tgg'%; while thermal
fluctuations prevail at higher T, the quasiparticle bandwidth is the
dominant energy scale for T < Tgg. Below Tg the resistivity p(T)
T2 indicates the Fermi-liquid state (see Fig. 1).

Right at the first-order IMT, however, the dielectric behavior
appears rather surprising. When approaching the low-temperature
phase boundary, &; rapidly increases by several orders of
magnitude. This colossal permittivity enhancement is more
pronounced in the quasi-static limit, & = 10° at f=7.5 kHz, and
the peak value approximately follows a f~'*° dependence. The
overall range in T and p/x of the divergency is robust and does not
depend on the probing frequency (see Supplementary Figs. 4
and 8).

In Fig. 3a, b the pressure evolution of 0; and &; is plotted for
fixed T. At T=10 K, o,(p) rises by six orders of magnitude in the
narrow range of 1 kbar. This behavior flattens to a gradual
transition above 20 K, associated with the quantum-critical
crossover at the QWL. The inflection point shifts to higher p, in
accord with the positive slope of the phase boundary’® associated
with the rising onset of metallicity at Tgg. The k-STF, series exhibits
similar behavior (Fig. 3¢, d): around the critical concentration of
x=0.12 a drastic increase in 0, is observed at low T that smears
out as T rises. The maximum in &(x) is reached for x=0.16 but
broadens rapidly upon heating.

Published in partnership with Nanjing University



«-(BEDT-TTF),Cu,(CN)s
T T T T

A. Pustogow et al.

np)j

k-[(BEDT-TTF),,(BEDT-STF),],Cu,(CN);
T .

— 10° T 1 s S S U
‘TE [a Ri V—BR ]
®) 10°+- *\/
- [ ——4.27kbar | |
6| ——1.45kbar _| |
g, 10 L ——1.22kbar | |
-~ E ——0.52 kbar | [
o 10°F f=75kHz —  (gypar| |
L | L | L | L |
15 — —_—
b 0.52kbar — 7.5k
10 L —— 50kHz |
——100 kHz
o 200 kHz
5| /\A*
0 PR I I
40 T T T T T T T T
(o 1.22 kbar 380 kiHz
L 730 kHz
W 20 L
0
T T T T T T T T
10° - 1.45 kbar d |
T T T T T T T T
x=025 |
| 1 1 | L L

0 20 40 60 80 0 20

T (K)

40 60 80

T (K)

Fig. 2 Dielectric properties upon tuning through the Mott transition. The dielectric conductivity and permittivity of k-(BEDT-TTF),Cu,(CN)3
were measured as a function of temperature and frequency for various applied a-e pressures and f-j chemical substitutions (introduction of
Se-containing BEDT-STF molecules illustrated in h and k) that drive the system across the Mott transition. a, f Starting from the insulator, 0,(7)
grows with increasing p or x; a metallic phase is stabilized below Tgg, in accord with dc transport™'#2'. b, c, g, h In the Mott-insulating state
&(T) exhibits relaxor-ferroelectric behavior similar to the parent compound>33*, Extrinsic high-temperature contributions are subtracted. d, i
The strong enhancement of &(T) at the transition is a hallmark of a percolative IMT, as sketched in I-o. e, j When screening becomes dominant
in the metal, &, turns negative; g, exhibits Fermi-liquid behavior below T, .

Modeling phase coexistence by hybrid DMFT

The Mott IMT is based on the physical picture that a reduction of
electronic correlations (i.e., the rise of W/U) gradually closes the
Mott-Hubbard gap: a coherent charge response develops, causing
a finite metallic conductivity. Pressure-dependent optical studies
on several organic Mott insulators indeed observe this beha-
vior'*%, Concerning dielectric response, it was pointed out® that
even in the case of certain continuous IMTs, the reduction of the
charge gap might induce an enhancement in &;, perhaps leading
to a divergence at low T. Probing the optical response at THz
frequencies is actually a convenient method to monitor the gap
contribution to the permittivity. From p and T sweeps across the
Mott IMT of several different materials, an increase by a factor of
10 is consistently reported'>?®; in the case of k-STF, we find it to
be even smaller (see Supplementary Fig. 7). Hence, the dielectric
catastrophe of &; = 10° observed in our pressure and substitution-
dependent dielectric experiments clearly signals a different
mechanism at play.

To understand the physical origin of this anomaly, we recall the
phase diagram of the Mott IMT at half filling, as obtained from
DMFT®”3738 which has been found to successfully describe many
experimental features of QSL materials*'® such as ours. It features
a first-order IMT at low temperatures (kgTei:=0.02W), and an

Published in partnership with Nanjing University

associated phase-coexistence region over an appreciable range of
U/W. As in most other systems displaying phase coexistence, here
we expect spatial phase segregation of the respective metallic and
insulating domains, with a relative volume fraction that smoothly
varies with U/W. Such a picture resembles composite materials,
such as microemulsions, composites or percolating metal films>°~3,
Here we expect percolation—a phenomenon that has been long
studied in a number of spatially inhomogeneous systems—to
distinctly affect all physical quantities. One of the prominent
consequences is a strong enhancement of & around the
percolation transition, in addition to dramatic changes in the dc
resistivity™**’.

While percolation theory is by now well understood, its specific
experimental manifestation may be very sensitive to the physical
properties of the coexisting phases, especially in strongly
correlated systems. To theoretically investigate the physical
consequences of such percolative effects for our Mott system,
we set up a “Hybrid DMFT” simulation across the entire phase
diagram. Here we utilized DMFT to calculate &, + ie, for a single-
band Hubbard model at half filling, and obtained the respective
responses for both the insulating and the metallic phase as a
function of T/W, U/W and frequency w/W. Using this information
on the homogeneous phases as input to percolation theory, we

npj Quantum Materials (2021) 9
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Fig. 3 Electrodynamics at the percolative Mott transition. a The Mott IMT of k-(BEDT-TTF),Cu,(CN); appears as a rapid increase of o;(p) that
smoothens at higher T; above T,;; a gradual crossover remains. b &;(p) exhibits a sharp peak below T;:. The results at f= 380 kHz are plotted
on a logarithmic scale. ¢, d Similar behavior is observed for chemical BEDT-STF substitution x. e, f Fixed-temperature line cuts of our hybrid
DMFT simulations (see text) as a function of correlation strength U/W and T/W'>'® resemble the experimental situation in minute detail,
including the shift of the IMT with T. The lack of saturation of 0;(T — 0) seen in DMFT modeling reflects the neglect of elastic (impurity)

scattering in the metal (outside the coexistence region).

then set up an appropriate random resistor network describing
the dielectric properties within the phase-coexistence region, and
solved it using standard effective-medium methods*®, which
suffices for our purposes.

We stress here that our Hybrid DMFT method provides a fully
microscopic modeling for the physical properties of the respective
phases across the phase diagram, a task that required a large-scale
computational effort which we carried out in detail. In contrast,
here we do not address the microscopic mechanism leading to
the assumed phase separation, but instead adopt a phenomen-
ological model (see Methods) describing how the relative volume
fractions of the percolating species vary with T and U/W. In
principle, spatial phase separation we envision may originate
either from disorder effects**°, or due to inherent (“Coulomb
limited”) phase separation®' ™3, In either case, one expects the
relative volume fraction of the respective metallic/insulating
components to smoothly vary with pressure, doping or tempera-
ture, and the resulting percolative effects should be very similar.
We do not expect any of the resulting anomalies to depend on the
details of our phenomenological model, e.g., the strong enhance-
ment of the dielectric permittivity or the abrupt drop of the
resistivity around the percolation point (see Supplementary Note 4
for a more detailed discussion of percolation phenomena in
general).

Our hybrid DMFT simulation yields excellent agreement with
experiment—both pressure tuning and chemical substitution—as
illustrated in Fig. 3e, f and in the false-color plots in Fig. 4. We find
that the colossal peak in & is confined to the spatially
inhomogeneous coexistence regime, exactly as observed in
experiments. As correlation effects diminish, the dynamical
conductivity (upper panels) increases from the Mott insulator to
the Fermi liquid. The step in 0; and drop in & appear abruptly in
the model but more smoothly in experiment, most likely due to
inhomogeneities which broaden the coexistence regime in real
materials by providing nucleation seeds for the incipient phase.
Note, the percolative transition region narrows for T— T, and
vanishes above that; the metallic fraction m of the simulation is

npj Quantum Materials (2021) 9

indicated in Fig. 4f. The inset of panel f clearly demonstrates that
the colossal permittivity enhancement appears exclusively for a
percolating mixture of metallic and insulating regions, and not for
the pure phases. These results render the gap closing irrelevant for
the electrodynamics at the low-temperature Mott IMT. We further
point out that the discussed mechanism of a percolative
enhancement of & may also apply to other related organic
compounds, where similar dielectric anomalies at or nearby a first-
order IMT were previously assigned to ferroelectricity®® and
multiferroicity>>.

DISCUSSION

While previous transport and optical studies™'> already provided
hints favoring the DMFT scenario, they do not map-out the
predicted dynamical regimes, especially regarding a well-defined
coexistence region at T< T Our pressure- and substitution-
dependent dielectric data, however, reveal all phases in vivid
detail and in remarkable agreement with the respective crossover
lines obtained from dc transport. Indeed, we recognize the
gapped Mott insulator by essentially constant & (light red)
bounded precisely by the QWL'S, while also below Tgr'??° the
response clearly follows the dielectric behavior expected for a
metal (g; <0, blue). Most remarkably, these two crossover lines
converge towards T, Which marks the onset of the coexistence
region, just as anticipated from Fig. 1. The emergence of phase
segregation is evidenced by the huge peak of & in excellent
agreement with our current DMFT-based modeling. The sharply
defined boundaries of this dielectric anomaly imply that the
corresponding inhomogeneities are the consequence and not the
cause of phase separation, the latter resulting from strong
correlation effects inherent to Mottness. Our findings substantiate
that the DMFT scenario offers a rather accurate picture of the Mott
IMT, in contrast to other theoretical viewpoints>®, which focus on
the spin degrees of freedom in the QSL. This also confirms recent
experimental and theoretical results®’® suggesting that such
gapless spin excitations, while dominant deep within the

5,15
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Fig. 4 Phase diagram of k-(BEDT-TTF),Cu,(CN); when tuned through the Mott IMT. Both conductivity and permittivity exhibit similar
behavior upon varying correlation strength U/W by a, b physical pressure or ¢, d chemical substitution, which is reproduced by e, f our hybrid
DMFT calculations; the respective color codes are given to the right. In all cases, the colossal enhancement of &; reveals a sharply defined
insulator-metal phase-coexistence region around the first-order IMT, which is not seen in 0;. The permittivity clearly distinguishes the Mott-
insulating and metallic states via small positive and large negative values, which line up perfectly with the quantum Widom line (QWL) and
the Brinkman-Rice temperature Tgr determined from o,(T, p, x), respectively. Inset of f: metallic and insulating DMFT solutions are contrasted to
the mixed phase (metallic fractions m indicated in main panel) that reproduces the strong peak in ;. Note, Tgp is indicated by a dashed cyan
line at T> T, in all panels; the resistivity maxima below T;; (solid cyan line) arise due to percolative effects.

low-temperature Mott-insulating phase, are quickly damped away
by the onset of charge fluctuations close to the IMT.

We demonstrated an expedient method of partial chemical
substitution that triggers a similar Mott transition in k-(BEDT-
TTF),Cu,(CN); as physical pressure. The pronounced divergency in
&, occuring for both types of bandwidth tuning, evidences a
spatial coexistence of metallic and insulating electronic phases
around the first-order IMT that can be circumstantially described
by DMFT blended with percolation theory. Our results yield that
the Mott gap has a minor effect on the dielectric properties while
the effects of phase coexistence dominate.

METHODS

Experimental

High-quality single crystals of k-(BEDT-TTF),Cu,(CN); were grown by the
standard electrochemical synthesis method*>®® at Stuttgart and at
Argonne. Plate-like single crystals of k-[(BEDT-TTF); _,(BEDT-STF),],Cu,(CN);
with a typical size of 1x 1x 0.3 mm?> were prepared according to ref. ¢';
here BEDT-TTF stands for bis(ethylenedithio)tetrathiafulvalene. Substitut-
ing two of the inner sulfur atoms by selenium leads to bis-ethylenedithio-
diselenium-dithiafulvalene, abbreviated BEDT-STF. Energy-dispersive X-ray
spectroscopy was employed to determine the chemical composition of the
alloys 0 < x < 1°". The complex impedance of the crystals was measured as
a function of temperature and frequency to obtain the permittivity & =
€1 + ie; and the conductivity 6 = 07 + i0,. The crystals are contacted out-
of-plane (E|la) by attaching thin gold wires with carbon paint to the
opposite crystal surfaces. The measurements were performed with two
contacts in a pseudo four-point configuration using an Agilent 4294
Impedance Analyzer. The applied ac voltage was set to 0.5 V, which was
still in the Ohmic regime.

For the pressure-dependent experiments on the k-(BEDT-TTF),Cu,(CN)3
crystals, we used a piston-type pressure cell ranging up to 10 kbar with a
self-made electrical feedthrough for coaxial cables designed for pressure-
dependent dielectric spectroscopy measurements as described in detail
elsewhere®?, Daphne oil 7373 was used as liquid pressure-transmitting
medium because it is inert to molecular solids, has a good hydrostaticity
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and stays fluid at room temperature for all applied pressures. The inherent
pressure loss upon cooling was recorded continuously in situ by an InSb
semiconductor pressure gauge®’, which shows a negligible pressure
gradient below 50 K. The main temperature range discussed here is
collected from the same pressure cycles; and the pressure reading at 10 K
is given throughout the manuscript, unless stated otherwise. A continuous
flow cryostat was utilized to cool down the pressure cell. A total cable
length of only 50 cm enables measurements up to 5 MHz. The rather steep
thermal gradient limits the lowest reachable temperature to 8 K, hence the
superconducting state at T=4 K'*?' was not accessible to our dielectric
experiments. No dependence on the cooling rate was observed, which was
kept below 0.4 K/min for all measurements. Additional data, including
analysis on the frequency dependence, can be found in Supplementary
Notes 2 and 3.

Dynamical mean-field theory modeling

We performed standard®?® DMFT calculations of the optical conductivity
o, of a single-band Hubbard model at 1/2-filling, using a semicircular
model density of states and iterated perturbation theory as an impurity
solver, which suffices'®'” for our purposes. The imaginary part of
conductivity o, was then obtained via the Kramers—Kronig transformation,
and the dielectric function e(w) = 1+ i% o(w) was obtained across the
entire phase diagram, for both uniform phases. To describe percolative
effects within the phase-coexistence region, we assumed spatial segrega-
tion of metallic and insulating regions with a smoothly varying metallic
filling fraction. We used the standard effective-medium theory®* for the
corresponding random conductor/dielectric network, with a binary
distribution of the local dielectric functions as calculated from DMFT for
given temperature T and Coulomb repulsion U. All energies are expressed
in units of the bandwidth W, i.e., /W and U/W. For simplicity, we assign a
smooth hyperbolic tangent function, as routinely used to describe phase
coexistence near any first-order phase transition®®, to model the volume
fraction of the metallic phase: m(T/W,U/W) = Jtanh{c[(T/W), — T/W]/
[(U/W)q — U/W]} + 3 which is centered around the middle of the
coexistence region: (U/W)qi;= (020 — T/W)/0.14. In order to match the
coexistence region with the experimental data, we selected ¢ = 0.1 for U/W
> (U/W)eie and ¢ = 0.3 for U/W < (U/W)i. More details and a visualization of
the assumed metallic fraction m can be found in Supplementary Note 4.
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SUPPLEMENTARY NOTE 1: CHARACTERIZATION OF «-(BEDT-TTF);Cu:;(CN); BY PRESSURE
AND CHEMICAL SUBSTITUTION

High-quality single crystals of k-(BEDT-TTF)2Cuy(CN)s were grown by the standard electrochemical synthesis
method [1, 2] at the Universitit Stuttgart and Argonne National Laboratory. We measured the complex electrical
impedance as a function of pressure, temperature and frequency in order to obtain the permittivity é = &1 + iey or,
equivalently, complex conductivity & = o1 +ios. To that end, the crystals are contacted by attaching thin gold wires
with carbon paint to opposite crystal surfaces, such that the measurements were performed out-of-plane with £ L be.
The experiments were performed with two contacts in a pseudo four-point configuration [3] using an Agilent 4294
impedance analyzer. The applied ac voltage was set to 0.5 V, making sure that we operate in the Ohmic regime. In
order to characterize the crystals, we have measured the low-frequency resistivity as a function of temperature and
pressure, shown in Supplementary Figure 1.

For pressure-dependent dielectric experiments we utilized a piston-type pressure cell ranging up to approximately
10 kbar with a self-made electrical feedthrough for coaxial cables, which is described in detail in Supplementary
Reference 6. Daphne oil 7373 was used as liquid pressure-transmitting medium because it is inert to molecular solids,
has a good hydrostaticity, and stays fluid at room temperature for all applied pressures. The inherent pressure loss
upon cooling was recorded in-situ by an InSb semiconductor pressure gauge that shows a negligible pressure gradient
below T' = 50 K. As a consequence, in the temperature range of particular interest here, the data are collected in the
same pressure cycles; this is important for comparison. Unless indicated otherwise, throughout the manuscript we
state the pressure reading at 7' =10 K.

The pressure cell was cooled down in a custom-made continuous-flow helium cryostat that allows us to reduce the
total cable length to 50 cm enabling reliable measurements at frequencies up to 5 MHz. The compact cryostat design
results in a rather steep thermal gradient limiting the lowest reachable temperature to about 8 K. No dependence on
the cooling rate was observed, which was kept below 0.4 K/min for all measurements. Performing similar experiments
on different single crystals yields good agreement with the results presented here.

Supplementary Figure 1 displays the out-of-plane resistivity p;(7") curves probed at low frequency. The indicated
pressure values were recorded at T = 10 K. Although these are two-point measurements, the results are in good



E 8 — T T T

a K-(BEDT-TTF),CU,(CN),
6
10°¢ p(0K)  ——1.45kbar 6 | ]

F ——0 kbar ——1.69 kbar

L ——0.52kbar ——1.91kbar %

E ——0.86kbar ——223kbar € * [ 1
= an4[ 1.00 kbar ——273 kbar
g 107 ——106kbar ——3.37kbar - 2 |- _
é F 1.22kbar  ——4.27 kbar —
Z 3 f=75kHz 0, ‘ ‘ ‘
<402l ELbc 0 100 200 300

T(K)

10° i \ 1 . I \ I \ I . I \
0 50 100 150 200 250 300

T (K)

T L
1.69 kbar =

= r i
I —
5 | )
c Q
= 3
& 200 v
1 TFL\ 1
0 50 100 150 0 100 200 300 400
T(K) (K p (kbar)
e T p1(Q2Cm)
108
100 108
X
4
o 10
-]
=
© 10?
8
o
€ 10 3 1
IG—J 3 10
«-(BEDT-TTF),CU,(CN), ]
R R TR SR B I 100

0 1 2 3 4 5
Pressure (kbar)

Supplementary Figure 1. a, Temperature-dependent out-of-plane resistivity p1(7T) of k-(BEDT-TTF)2Cuz(CN)s for sample
2 under hydrostatic pressure, measured along the a-direction and at f = 7.5 kHz, which is in good agreement with dc-
measurements known from literature [4, 5]. With increasing pressure, p1(7T') is reduced, revealing the insulator-metal transition
for p > 1.45 kbar. The inset in panel a displays the in-situ measured pressure loss upon cooling. b, The maximum in p1(7T)
(cyan arrow) directly indicates the onset of metallic conduction at the Brinkman-Rice temperature Tsr. ¢, We define Trr, as
the temperature at which p; deviates from p1 r1, = po + AT? by more then 10%. d, The quantum Widom line is determined
by fitting p1(p) (orange squares) at constant temperature with log(p1,qwr) = ¢[1 — tanh {b(p — pqwr)}] (black line). e, Phase
diagram which is based on a contour plot of p1(p,T), including Timax, TrL and pqwr. The yellow line represents an estimate
of the Mott transition with a critical end point at Tyt = 16 K and perie = 1.45 kbar.

agreement with the four-point dc-measurements reported in literature [4, 5], taking into account that we probe the
perpendicular direction. For both samples we observe a maximum in p;1(T") that shifts to higher T" with increasing
pressure; concomitantly the resistivity is reduced.

The resistivity maximum at the Brinkman-Rice temperature Tgr indicates the onset of the metallic transport regime
with dp;/dT < 0. The Fermi-liquid regime is characterized by p;(T) = po + AT?. We define Tyy, as the temperature
where p1(T') deviates by more than 10% from this quadratic behavior. We remind here, that the experimental setup
did not allow for cooling below 8 K such that the superconducting state below Tsc = 4 K could not be reached.

The inset in Supplementary Figure la shows the decrease of the in-situ recorded pressure upon cooling. The step
like features around 220 K correspond to the solidification temperature of the pressure transmitting oil. Below 50 K,
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Supplementary Figure 2. a, Organic donor molecules bis-(ethylenedithio)-tetrathiafulvalene, called BEDT-TTF, and bis-
(ethylenedithio)-diseleniumdithiafulvalene, abbreviated BEDT-STF. In the latter case two sulfur atoms of the inner rings are
replaced by selenium. b, The crystal structure contains dimers of the donor molecules forming layers in the bc-plane which
are separated by the Cuz(CN)s anion sheets. ¢, The dimers are arranged in a triangular pattern with transfer integrals
t'/t = 0.83 [10] close to complete frustration. The STF-substitution leads to a spatially random extension of the transfer
integrals due to the larger molecular orbitals.

the pressure saturates and becomes nearly temperature-independent. For the 0 kbar measurement, the sample was
cooled in the pressure cell, which was left open, only filled with He contact gas, such that pressure loss upon cooling
is negligible.

The precise in-situ measurement of p(T') enables us to analyze p;(p) at constant temperature. In particular, we
determine the quantum Widom line (QWL) by fitting p;(p) (orange squares) at constant temperature with log{p;} =
c[1—tanh {b(p — pqwr.)}] (black line), as examplarily shown in Supplementary Figure 1d. This procedure [7, 8] yields
the QWL as the point of inflection at pqwr, which is indicated by the magenta arrow.

k-[(BEDT-STF),(BEDT-TTF);_,]2Cusz(CN)3 single crystals with varying stoichiometry (x = 0, 0.04, 0.1, 0.12,
0.16, 0.19, 0.21, 0.25, 0.28, 0.44, 0.78 and 1) were prepared by standard electrochemical oxidation [1]. Both BEDT-
TTF and BEDT-STF (molecules displayed in Supplementary Figure 2a) were synthesized at Hokkaido University in
Sapporo, where also the crystal growth is carried out. For the alloying series, the amount of donor molecules was
preselected; for each batch the actual substitution value x was determined a posteriori by energy-dispersive x-ray
spectroscopy: using k-(BEDT-TTF),Cus(CN)3 as a reference we compared the intensity of S atoms to that of Se
atoms [9]. The structure consists of be layers of strongly dimerized BEDT-TTF or BEDT-STF molecules, with each
dimer oriented approximately perpendicular to its nearest neighbors (Supplementary Figure 2b,c).

Electrical transport was measured parallel to the c-axis from room temperature down to 7' = 1.8 K by the standard
four-probe technique. For this, thin gold wires were contacted by carbon paste. Furthermore, we measured the
complex electrical impedance as a function of temperature and frequency in order to obtain the dielectric permittivity
€ = €1 +ies. Here, gold wires were attached to opposite crystal surfaces and the data recorded by an impedance
analyzer in the frequency range from 40 Hz to 10 MHz covering temperatures down to 7" = 5 K. The applied ac
voltage was set to 0.5 V, making sure that we operate in the Ohmic regime.

Supplementary Figure 3 displays the c-axis dc resistivity p(T') as a function of temperature for all samples in our
substitution series from x = 0 to 1. The room-temperature values increase from approximately 0.03 Qcm for z = 1
to around 0.5 Qcm for x = 0. For x = 0.12 and higher the system turns metallic at low temperatures; the range
of metallic conductivity below the Brinkman-Rice temperature Tgr increases for larger substitution and exceeds
T = 300 K for x > 0.44. For very low temperatures, the metallic properties are clearly characterized by a p(T) oc T
behavior that is the hallmark of electron-electron interaction. A detailed analysis of the Fermi-liquid properties will
be provided elsewhere.

SUPPLEMENTARY NOTE 2: DIELECTRIC RESPONSE AS A FUNCTION OF PRESSURE

In order to give an overview on the temperature-dependent dielectric response of k-(BEDT-TTF)2Cuz(CN)3 in the
various regimes, in Supplementary Figure 4 we plot the real part of the dielectric permittivity 1(7") for selected fre-
quencies and pressures as indicated. Starting from ambient conditions, a pronounced peak dominates the temperature
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Supplementary Figure 3. Temperature dependence of the dc resistivity of x-[(BEDT-STF),(BEDT-TTF);_]2Cuz(CN)3 for
various substitution values x as indicated spanning the full range from the insulating x = 0 to the metallic side. The data are
measured along the highly conducting c-axis and normalized to the respective room-temperature value for better comparison.

dependence of the dielectric constant. The maximum shifts to lower temperatures as pressure increases (Supplemen-
tary Figure 4a-e) and, exceeding p = 1.22 kbar, it moves out of the accessible temperature window. Most important,
however, are the drastic changes of the dielectric response around the insulator-metal transition at pypyt = 1.45 kbar
[5]. For p = 1.45 up to 2.2 kbar, £, is strongly enhanced for T' < 20 K with a frequency-dependent amplitude even
exceeding 10° at f = 7.5 kHz (Supplementary Figure 4f-h). As pressure increases further, the onset of the dielectric
anomaly shifts to higher temperatures, reaching about 30 K at p = 2.23 kbar, for instance (Supplementary Figure 4h).
We ascribe this observation to a coexistence region centered around the Mott insulator-metal transition (IMT'), where
spatially segregated metallic regions in an insulating matrix grow in a percolative manner. At p = 3.37 kbar and
higher (Supplementary Figure 4i,j), €1 becomes negative and large for nearly all frequencies indicating purely metallic
behavior.

The most surprising observation of Supplementary Figure 4 is the dramatic increase of the dielectric constant of
k~-(BEDT-TTF)yCus(CN)j3 for p > 1.2 kbar. In Supplementary Figure 5 we plot the pressure dependence of £1(p) and
o1(p) as obtained for a fixed frequency of f = 100 kHz at different temperatures; Fig. 3a,b of the main paper displays
a similar data set recorded at 380 kHz. A pronounced peak in the permittivity appears around 1.8 kbar followed by a
drop to negative values evidencing the onset of metallic conduction. We explain this observation by percolation when
the insulator-metal phase boundary is approached: metallic puddles develop within the insulating matrix and grow
with increasing pressure.

At the lowest temperature, 7' = 10 K, the peak maximum occurs at a pressure slightly above pyyr. This can
be understood when recalling the definition of the percolation threshold as the first continuous conducting path,
while the dielectric constant is integrated over the entire volume; hence the overall capacitance still increases even
when some inclusions already coalesce. As seen from Supplementary Figure 5a, the peak in e1(p) shifts to even
higher pressure values as T rises, but strongly diminishes upon heating; for 7" > 22 K the anomaly is completely
suppressed. Eventually, a simple drop in permittivity remains with a change in sign to large negative values of
e1(p = 4.3 kbar) ~ —103 to —10*.

The enhancement of the dielectric constant is accompanied by a step-like feature in the conductivity, presented in
Supplementary Figure 5b. With pressure, the metallic fraction grows; consequently oy (p) rises continuously until it
saturates in the metallic phase where the pressure-dependence of the conductivity is minuscule. The inflection point
corresponds to ppvur, defined above by de-resistance measurements [5]. With rising temperature, the step feature
shifts to higher pressure values, smears out and becomes a more gradual increase consistent with the change from the
first-order IMT to the crossover region upon heating through T¢;.
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Supplementary Figure 4. Plot of the dielectric permittivity £1(T") of k-(BEDT-TTF);Cuz(CN)s for several frequencies from
7.5 kHz to 5 MHz upon increasing pressure. Note the different ordinates used in the various panels. a, At p = 0 kbar and
below T' = 50 K, we observe a relaxor-type ferroelectric peak with shrinking amplitude that shifts to higher temperature with
increasing frequency. b-e, Additionally, a shoulder-like feature is revealed at ambient pressure around 7" = 15 K which develops
into a second peak upon pressurization. f-h, In the coexistence phase between p = 1.45 and 2.23 kbar, an enormous increase
of €1 is observed which is strongly frequency-dependent and attributed to spatially separated metallic and insulating regions.
i,j, Above p = 3.37 kbar, €1 < 0 for nearly all measured frequencies indicating metallic behavior.

The dielectric properties of percolating systems have been subject of numerous investigations for half a century
[11, 12]. As pointed out by Efros and Shklovskii [13] the static dielectric constant of a percolating system is a function
of the filling fraction m of the metallic phase and diverges at the percolation threshold in the limit 77— 0 and w — 0.
The divergency gets reduced and rounded as the insulating matrix acquires a finite conductivity o;, for instance as
temperature rises:

om(T)} s 7 W

) |2

where s = 0.5 and 0.62 in two and three dimensions, respectively [13], and o, denotes the conductivity of the metallic
regions. Although our data do not permit a quantitative comparison, the observed reduction of the peak seen in
Supplementary Figure 5a is in accord with the tendency of Eq. (1).



6 I n \ \ \ \ —
.| a | «-(BEDT-TTF),Cu,(CN),
L L 5
R= «Q
—~ 2 /lz 7\: 4~
n / \ o I
) 0 a‘fﬁ-—-§<§—/ 0 o,
()] _ ! © ~
Qo | f=100kHz x@/_ )
n ! : 4
107 | .
< E I 3
'E 103{ E
Sk .
o 107k . =
E I |
b LE ' 3
10'75- : E
E \ L \ \ \ \ | -

00 05 1.0 1.5 20 25 3.0 3.5 40 45
Pressure (kbar)

Supplementary Figure 5. Pressure dependence of the dielectric properties of k-(BEDT-TTF)2Cuz(CN)3 recorded at different
temperatures for a fixed frequency f = 100 kHz. a, The permittivity £; forms a pronounced maximum followed by a rapid
drop to negative values. b, The conductivity o1 exhibits a step-like increase with an inflection point located right at the onset
of the peak in ;. This percolating behavior stems from the nucleation and growth of metallic puddles spatially separated in
an insulating matrix; the filling fraction increases by applying pressure. With rising temperature the features shift to higher
pressures and diminish in amplitude and step size, respectively.

Alternatively, at T'= 0 (o; = 0) and for m = m, one expects a reduction of the peak amplitude when probed at
finite frequencies, according to [13]

e1(w,me) o< (Lw)' ™% . (2)

Choosing the pressure for which the dielectric constant reaches the maximum value, in Supplementary Figure 6 we plot
the frequency-dependence of &1 (w,p = 1.7 kbar) for several temperatures. For T' < 16 K, &1 (w) strongly drops with
increasing frequency following a power-law for two orders of magnitude before it levels off at fy = w/(27) = 2 MHz.
In the vicinity of the critical endpoint and above T¢,it, the percolative behavior vanishes and merges into a frequency-
independent response. Following Eq. (2), we fit the data in Supplementary Figure 6 and obtain an exponent 1 — s
for each temperature, displayed in the inset. The deviation from theory has several reasons: standard percolation
theory does not take into account field enhancement effects between adjacent finite metallic clusters beyond the dipole
approximation and/or hopping of charge carriers between them as well as electron-electron interactions, as pointed
out previously [14-17]. Sarychev and Brouers [18] explicitly account for tunneling between finite metallic clusters in
order to explain the low-frequency response of percolating systems.

SUPPLEMENTARY NOTE 3: DIELECTRIC RESPONSE AS A FUNCTION OF CHEMICAL
SUBSTITUTION

In a first approach, the dielectric properties in the infrared spectral range can be obtained from optical reflectivity
data (not shown) as a function of frequency, temperature and substitution. Supplementary Figure 7 displays the
real part e1(w) for the different x-[(BEDT-STF),(BEDT-TTF);_,]2Cus(CN)3 crystals recorded at T =5 K. In the
Mott-insulating state (x < 0.1), the permittivity is basically frequency-independent and acquires a small, positive
value. As z increases, the quasi-static e1(w — 0) first increases before it rapidly drops to large negative values. After
crossing the Mott insulator-metal transition the system becomes conductive: the strong screening of the coherent
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Supplementary Figure 6. Double-logarithmic plot of €1(f) at 1.7 kbar for various temperatures, as indicated. For T'< 16 K a
power-law behavior is observed, which saturates above fy &~ 2 MHz. The percolating behavior of x-(BEDT-TTF)2Cuz2(CN)3
is suppressed for T' > 16 K where the first-order transition becomes a gradual crossover. The inset shows the temperature
dependence of the exponent 1 — s obtained from fits by Eq. (2).

quasiparticles drives £ negative. A similar observation was reported for the Mott transition of VO, where the
low-frequency permittivity diverges as a function of temperature. Near-field optical microscopy revealed that this
behavior stems from the phase coexistence of metallic puddles in an insulating matrix [19]. In general, the divergency
of the dielectric permittivity €1 (z) is a hallmark of percolative phase transitions in microemulsions [20-24], composites
[25-27] or percolating metal films [28-32].
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Supplementary Figure 7. Despite continuously increasing low-frequency conductivity, in the low-frequency limit the dielectric
permittivity e1(x) exhibits a peak around the Mott transition, reminiscent of a percolative-type coexistence of metallic and
insulating regions. a, Real part of the dielectric permittivity €1(z) as obtained from far-infrared reflectivity measurements for
E | cat T =5 K for k-[(BEDT-STF),(BEDT-TTF);_5]2Cu2(CN)3 with various substitutions z as indicated. b, To better
follow the substitutional dependence, we display the dielectric permittivity taken at w/(27c) = 100 cm™" — corresponding to
3.3 THz — indicated by the dashed line in panel a.

Since audio- and radio-frequency experiments are more suitable for exploring the dielectric behavior at the insulator-
metal transition, we have conducted dielectric experiments down to 7.5 kHz. Supplementary Figure 8 summarizes the
dielectric response of k-(BEDT-TTF);Cus(CN); and how it is affected by moving across the Mott insulator-to-metal
transition via STF-substitution. We plot the real part of the permittivity €1 as a function of temperature T for selected
frequencies f and substitutions z, as indicated. The pronounced peak dominating the temperature dependence of
€1(T) was discovered by Abdel-Jawad et al. [33] and subsequently confirmed by other groups [34-37]. When probed
at f = 7.5 kHz, the maximum is observed around 7' = 30 K in the case of k-(BEDT-TTF)2Cuz(CN)3 (Supplementary
Figure 8a); with a slight sample-to-sample dependence, in agreement with previous reports. The peak shifts to higher
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Supplementary Figure 8. Temperature-dependent dielectric permittivity of x-[(BEDT-STF),(BEDT-TTF);_,]2Cu2(CN)3 for
substitutional values z = 0, 0.04, 0.10, 0.12, 0.16 and 0.25 measured at several frequencies. Note the different ordinates used
in the various panels. a, The pure crystal exhibits a relaxor-type ferroelectric feature below 7" = 50 K, which becomes more
pronounced and shifts to lower T as frequency gets smaller. b,c, As x is increased to 0.1, 1 (7') rises strongly and the peak
appears at lower temperatures. d,e, Eventually the permittivity reaches values of 10° due to the coexistence of spatially
separated metallic and insulating regions. The response is strongly frequency dependent. f, Upon percolation around z = 0.2,
the dielectric constant is negative, giving evidence for the metallic behavior that continues for all higher substitutions up to
r=1.

temperatures as the frequency increases; at the same time, however, it gets less pronounced. This behavior resembles
the well-known phenomenology of relaxor ferroelectrics [38].

Already the minimal substitution of z = 0.04 and 0.1 enhances the dielectric permittivity significantly with the
maximum &1(f = 7.5 kHz) = 50 and 80. This strong increase of £1(T) and concomitant shift of the peak to lower
temperatures when we approach the insulator-metal transition is in full accord with our pressure-dependent dielectric
studies in Supplementary Note 2, where an extensive and detailed analysis is given. As we approach the phase
transition further (z = 0.12 and 0.16), the dielectric constant drastically diverges, reaching values up to 10° in the
static low-temperature limit. A divergency in e;1(x) is the fingerprint of a percolative phase transition where metallic
regions form in an insulating matrix [11, 13, 39]. When crossing the percolation threshold, the system acts like a metal,
characterized by a negative dielectric permittivity, e; < 0. With rising x the sign change of the dielectric constant
traces the Brinkman-Rice temperature, as it was identified by the maximum in p(7") (Supplementary Figure 3) [40].
These results confirm the observations we extracted from the optical response in Supplementary Figure 7.

SUPPLEMENTARY NOTE 4: THEORETICAL ANALYSIS OF THE DIELECTRIC PERMITTIVITY AT
THE IMT

The dielectric properties of a mixture of spatially segregated conductive and insulating regions are commonly
modelled by Bruggeman’s effective medium approach [11, 41-43]:

€ — Eeff
Eeff + L(gi - geff)

Em — Eeff
Eeff + L(am - geff)

+(1—m)

=0, (3)

where m is the volume fraction of the metallic inclusions, L is the shape factor, ¢; and €, are the complex permittivities
of the insulating and metallic phases, respectively, and e.¢ is the effective permittivity of the composite. In the
following, we determine the complex dielectric response on purely theoretical ground. To that end, we calculate
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Supplementary Figure 9. a,b, Pressure evolution of the temperature-dependent resistivity and permittivity measured at
f = 380 kHz along the a-axis of k-(BEDT-TTF)2Cuz(CN)s. ¢,d, Calculated resistivity and permittivity using hybrid DMFT
with different strength of effective correlations U/W as indicated. The red arrows indicate the temperature below which the
coexistence regime is entered. e,f, For selected values of U/W close to the Mott insulator-metal transition the temperature-
dependent resistivity and permittivity are plotted for the insulating phase, &; (dotted lines), the metallic phase €, (dashed
lines) and the resulting effective medium ecq (solid lines) at lowest temperatures in the coexistence regime. g, Volume fraction
m of the metallic component in a false-color presentation according to the right scale. The dependence on correlation strength
U and temperature T, normalized to the bandwidth W, is calculated by Eq. (6). The dotted lines represent m = 0.1, 0.5 and
0.8. Since in our model L = %, the metallic domains stop connecting at m = 0.5; here the conductivity drops sharply. The
black solid lines indicate the effective correlation strength used for calculating the temperature dependence of p1(7") and &1 (7)
shown in panels e and f by purple, red and orange colors.

em(w,T) and €;(w, T') of the pure metallic and insulating phases and use them to obtain the electrodynamic properties
of the mixture via Eq. (3) by utilizing a phenomenological model for the metallic filling fraction. We assume a half-
filled Hubbard model in two dimensions with semicircular bands and apply dynamical mean-field theory (DMFT)
calculations. Within the single site DMFT approach, the real part of optical conductivity o;(w) is given by the
expression [44-46]

o1 @) =2 [ AB () V() (@
+oo v)— f(hw
x[m () L) ;;ih o)

x Im{G(hv + hw, E)} Im {G(hv, E)},

where

1

G (hw, E) = hw—E —%(hw)’

is the Green function and X (hv) is the local self energy. The imaginary part of the optical conductivity oo(w) is then
calculated via Kramers-Kronig transform [45]:

o3 (@) = —2/000 wor @) g 5)

P W2 — 2

Applying these expressions (4) and (5), we obtain the complex dielectric response é(w) = 1+i6(w)/(wep), via DMFT
across the entire phase diagram, as a function of temperature 7" and the interaction U. We stress that within the
coexistence region we find two locally stable solutions, while outside there is only one solution. In Eq. (4), a = 15&,
is the distance between layers for our material [1], yielding a sheet conductance e?/(ha) ~ 260 (Qcm)~'. V(E)/V/S is
the current vertex, which is equal to y/(D? — E2)/3, and pg (E) = 2v/D? — E2? /7 D? is the semicircular model density
of states of non-interacting electrons of bandwidth W = 2D.

In order to calculate the total dielectric function within the (percolating) coexistence region, we not only have
to know the dielectric function for each of the two phases, ¢; and &,,, but also the relative volume fraction of the
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two components as a function of temperature T and effective correlations U/W. For simplicity, we use a hyperbolic
tangent function to represent the metallic volume fraction m:

A EACAT P /I 1S o

crit

which is centered around (U/W)_;, = (0.20 — T//WW)/0.14, as depicted in Supplementary Figure 9g. We also select
c¢=0.1for U/W > (U/W )iy and ¢ = 0.3 for U/W > (U/W)eri¢ in order to mimic the experimental findings.

Finally, we obtain the optical conductivity o1(w,T) and dielectric permittivity €1 (w, T') inside the coexistence region
via the BEMA Eq. (3). We assumed L = % for our calculations, but the findings can be easily scaled to L = % Here we
focus on very low frequency w/(27) = 5-10~°W a 320 kHz, in order to allow comparison of the calculated permittivity
with our experiments. For better relating our calculated to experimental results, in Supplementary Figure 9 we plot
representative curves of electrical resistivity pi(7") and dielectric permittivity e;(T") for various correlation strengths
U covering the insulating, percolating and metallic regions of the phase diagram. For large U/W the system behaves
insulating with a small positive dielectric constant, corresponding to the behavior observed at ambient and low
pressure (p < 1 kbar). For intermediate correlation strength U/W = 1.36, the resistivity starts insulating at high
temperatures, but p1(7T') exhibits a maximum around T'/W = 1.6 below which it turns weakly metallic. Upon cooling,
the system enters the coexistence regime with metallic inclusions, as depicted in Supplementary Figure 9g. Around
that temperature, (7)) rises rapidly, acquiring 10* near the percolation threshold. This temperature dependence
resembles the observations on k-(BEDT-TTF)3Cuz(CN)s for p = 1.45 kbar. As U/W decreases further, the phase
boundary to the metallic phase is crossed with a drop in p;(T") and a sign change in the dielectric constant. For
U/W = 1.75 metallic properties are found in the entire temperature range. This behavior is reached for the highest
pressure values above 4 kbar. The full set of data is presented in Figs. 1 and 4.

Here we want to focus on the regime right at the IMT and therefore plot the behavior for U/W close to the critical
correlation strength. In Supplementary Figure 9e,f the properties p1(T") and e1(T) of the constituting insulating
and metallic phases are plotted together with the effective behavior .. The coexistence regime is entered around
T/W = 0.016 to 0.018 — the particular value depends on the effective correlations U/W according to Eq. (6) — and
there the resistivity drops, accompanied by a change in sign of the dielectric constant to large negative values due to
screening in the metal. For U/W = 1.325 the metallic state is reached at significantly lower temperatures, as seen in
Supplementary Figure 9g.
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