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Theoretische Physik, Goethe-Universitat Frankfurt, 60438 Frankfurt am Main, Germany; f ISIS Muon Group, Science and Technology Facilities Council (STFC),
Didcot OX11 0QX, United Kingdom; and g Laboratory for Muon Spin Spectroscopy, Paul Scherrer Institute, 5232 Villigen, Switzerland

The exotic properties of quantum spin liquids (QSLs) have continually been of interest since Anderson’s 1973 ground-breaking idea.
Geometrical frustration, quantum fluctuations, and low dimensionality are the most often evoked material’s characteristics
that favor the long-range fluctuating spin state without freezing into an ordered magnet or a spin glass at low temperatures.
Among the few known QSL candidates, organic crystals have the
advantage of having rich chemistry capable of finely tuning their
microscopic parameters. Here, we demonstrate the emergence of
−
a QSL state in [EDT-TTF-CONH2 ]+
2 [BABCO ] (EDT-BCO), where the
EDT molecules with spin-1/2 on a triangular lattice form layers
which are separated by a sublattice of BCO molecular rotors. By
several magnetic measurements, we show that the subtle random
potential of frozen BCO Brownian rotors suppresses magnetic
order down to the lowest temperatures. Our study identifies the
relevance of disorder in the stabilization of QSLs.
quantum spin liquid | QSL | molecular rotor | triangular lattice |
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ocalized spins in magnetically interacting spin systems are
generally expected to order at low temperatures. In some
cases, geometrical frustration (1–6) may suppress conventional magnetic ordering, and a unique, fluctuating, quantumdisordered state emerges (7, 8). This macroscopic collective
state, the so-called quantum spin liquid (QSL) (9, 10), may be,
for example, distinguished by its exotic spin excitations with
fractional quantum numbers (7, 11).
In one-dimensional spin systems, quantum fluctuations arise
naturally. In dimensions greater than one, organic materials
were among the first examples of QSL candidates (1–3). These
systems either have nearly isotropic triangular lattices like frustrated magnetic structures, e.g., κ-(ET)2 X2 (CN)3 (X = Cu, Ag)
(1, 12) and β-EtMe3 SbPd[(dmit)2 ]2 (2), or have been approximated by the quasi–one-dimensional limit, as exemplified by
κ-(ET)2 B(CN)4 (13) and κ-H3 (Cat-EDT-TTF)2 (4). A gapless
or weakly gapped QSL state develops in all these compounds,
independent of the level of frustration (14, 15).
Despite recent progress, the investigation of QSL states is
still a major experimental and theoretical challenge (9, 14, 16,
17). Notably, the geometrical frustration of the spin-1/2 isotropic
equilateral triangular lattice in the nearest-neighbor Heisenberg
model is insufficient to induce a QSL phase, since the ground
state is a three-sublattice Néel order (18–20). To promote the
emergence of a QSL phase, different extensions were considered in theoretical models, such as higher-order terms (21),
e.g., the four-spin ring-exchange interaction, or further-neighbor
interactions (22).
Organic crystals always have a minute amount of defects (23),
but their importance in theoretical studies was omitted for a long
time. Only a few works studied the interplay of magnetic frustrawww.pnas.org/cgi/doi/10.1073/pnas.2000188117

tion and quenched bond randomness to induce or support a QSL
state (23–25). It came as a surprise that the X-ray irradiation
of the weakly frustrated, long-range ordered antiferromagnet,
κ-(ET)2 Cu[N(CN)2 ]Cl was reported to lead to the stabilization
of a disorder-driven QSL state (26). To understand systematically the role of quenched randomness in two-dimensional (2D)
materials, methods are needed to introduce it in organic systems
without seriously damaging the underlying structure. In such
materials, weakly randomized spin–spin interactions may lead
to the emergence of low-temperature magnetic ground states by
altering the effect of the spatial anisotropy of exchange couplings
(23, 25, 26).
We here report a highly original QSL system, [EDT-TTF−
CONH2 ]+
2 [BABCO ] (abbreviated EDT-BCO) (Fig. 1). In the
EDT layers (27), triangularly organized dimers carry a spin-1/2
magnetic moment. These are separated by a sublattice of carboxylate anions centered by a chiral bicyclo[2.2.2]octane (BCO),
called rotors, having conformational and rotational degrees of
freedom (Fig. 1 B and C and SI Appendix, Fig. S1) (27). The spin
Hamiltonian of the EDT layer alone predicts either a spiral or a
collinear magnetic order (28, 29). We have explored the material
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source of disorder (27, 30, 31). The attractive spinoff of our study
is the notion that the nature and change of dynamics of functional rotors in the anionic layer could provide a tunable tool
toward designing additional QSL materials.

Fig. 1. [EDT-TTF-CONH2 ]+
[BABCO− ]: a crystalline hybrid of molecular con2
ductor and molecular rotor (27). (A) The two molecular units in [EDT-TTFCONH2 ]+
[BABCO− ]. The pink cylinder illustrates the rotational degree of
2
freedom of BCO fragments around the rod axle. An additional, torsional
degree of freedom drives λ ↔ δ conformational mutations of chiral BCO
rotators in the lattice (31), as illustrated in SI Appendix, Fig. S1. (B) Layers
of [EDT-TTF-CONH2 ]+
radical cations alternate with an array of rotators in
2
dynamic equilibrium in the lattice. (C) The topology of the distorted triangular lattice of mixed-valence dimers defined by exchanged interactions
J : J0 : J00 = 314:172:105 K.

with magnetic resonance techniques at various timescales—
proton nuclear magnetic resonance (1 H-NMR), electron spin
resonance (ESR), and down to 20 mK muon spin rotation
(µSR)—and have found no sign of emerging long-range magnetic order, but rather a QSL state. In our interpretation, the
EDT layer’s magnetic order is broken by the disorder potential coming from the rotationally frozen BCO molecules at
low temperatures. Furthermore, its conformational changes (SI
Appendix, Fig. S1) have a low activation energy (<50 K) (30),
and the tunneling between two conformations (denoted as λ and
δ) happens even at very low temperature, exerting an additional
29556 | www.pnas.org/cgi/doi/10.1073/pnas.2000188117

Results
In density functional theory (DFT) calculations, we determined
the exchange couplings of a hypothetical, disorder-free parent
system of EDT-BCO, where the BCO units are placed uniformly (Materials and Methods and SI Appendix, Table S1).
They give a distorted triangular lattice of dimers with nearestneighbor overlap integrals and antiferromagnetic exchanges
00
00
of t : t 0 : t = 1.00 : 0.75 : 0.60 (J : J 0 : J = 314 : 172 : 105 K ) in
between the molecular EDT dimers (Fig. 1C). This strong
spatial anisotropy in J places our material in between the
frustrated, near-equilateral triangular lattice and the quasi–onedimensional limit. According to previous theoretical works (32,
33), this weak frustration does not support a QSL ground state.
Rather, chiral or collinear magnetic-ordered phases are expected
in EDT-BCO.
In strong contrast to these theoretical predictions, all our
experiments—ESR, NMR, and µSR measurements—suggest
the absence of long-range magnetic order and the emergence of
a QSL. We now first discuss the results of the ESR experiments.
From the resonance line, one can deduce the electronic
spin susceptibility (χ) and the spin relaxation rate through the
linewidth ∆Bpp and, from its position, the g factor. All three
quantities can detect magnetic ordering or even fluctuations.
These measurements were performed in an outstandingly broad
frequency range from 4 to 420 GHz, corresponding to magnetic fields from 0 to 16 T, giving a rarely seen resolution in
interactions.
ESR, unlike static measurements, can deconvolute the contribution of different spin systems having distinct g factors.
For example, this allows the separation of the bulk magnetism from possible Curie impurity contributions. Above 50 K,
χ is almost constant (Fig. 2A), like that of strongly antiferromagnetically interacting systems, thus confirming our DFT
calculations.
The value of the spin susceptibility is close to those observed
for other organic spin-liquid candidates (κ-(ET)2 X2 (CN)3 (X =
Cu, Ag)) (1, 12). It was suggested to be proportional to the
spinon density of states and to scale inversely with the spinon
hopping amplitude governed by a strong exchange coupling in
the range of J /kB = 300 to 350 K. However, χ in EDT-BCO
does not decrease at low temperatures, unlike in disorder-free
anisotropic triangular lattice models (29). Instead, we observe
a weak upturn below ∼50 K. In principle, it could be a sign of
Curie impurities or the emergence of a magnetic order. Our
experiments, however, suggest a different origin. The upturn
of χ does not show sample-to-sample variation, as would be
the case for impurities. In SI Appendix, Fig. S2, χ of different batches of EDT-BCO are shown, which all follow a
common, χ ∝ T −0.4 power-law increase at low temperatures.
Thus, it is an intrinsic characteristic of the EDT-BCO material, not an impurity signal. We come back to this interpretation
in Discussion.
Precise measurements of the g factor by changing temperature
or magnetic field could detect the development of internal magnetic fields or any additional contribution to spin anisotropies.
Experimentally, the g factor remains unchanged within our precision in temperature (Fig. 2 A, Inset) and up to the highest
frequencies (largest magnetic fields; SI Appendix, Fig. S3). This
demonstrates the absence of an emerging magnetic order or a
static magnetization.
The ESR linewidth, ∆Bpp , at temperatures above 30 to
40 K with its maximum around 70 K, is characteristic of other
Szirmai et al.
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Fig. 2. (A) Spin susceptibility of EDT-BCO measured by ESR shown on a
logarithmic plot with a power-law dependence at low temperatures (SI
Appendix, Fig. S2). Inset shows the g factor in the whole temperature range.
(B) Field dependence of the ESR linewidth, ∆Bpp . Inset shows its frequency
dependence for B k c direction. The solid line is a fit.

materials within the same family, such as κ-(ET)2 Cu2 (CN)3
(34). For the interpretation of this temperature range, we refer
to ref. 34. Our report focuses on the low-temperature portion,
where we could find signatures of QSL behavior.
Even if no static magnetization develops, a low-temperature
short-range fluctuating magnetic order may arise in the presence of high magnetic fields in the proximity of an ordered
state. These would lead to a critical broadening of the ESR
linewidth, ∆Bpp (35). For example, the Dzyaloshinskii–Moriya
interaction—which is present in EDT-BCO—was evoked in
organic spin liquids, to induce weak antiferromagnetic order
at high magnetic fields and low temperatures (36). The Bose–
Einstein condensation of spinon excitations may also occur
(15). Field-induced effects due to magnetic anisotropies would
emerge as a nonlinear, minimally quadratic field dependence and
at least an order of magnitude increase at low temperatures in
∆Bpp . Such a critical behavior was observed earlier, e.g., in κ(ET)2 Cu[N(CN)2 ]Cl (37, 38). In our samples, ∆Bpp has a weak
temperature dependence below 10 K. What is also significant is
that it does not increase nonlinearly as a function of the magnetic
field at fixed temperatures (Fig. 2 B, Inset). This demonstrates
the absence of critical magnetic fluctuations toward an ordered
Szirmai et al.

state of up to 15 T. Nevertheless, the ESR linewidth does change
linearly with magnetic fields, in contrast to a noninteracting paramagnet. This illustrates that fast spin fluctuations are present
at low temperatures. As in a motional narrowing-like effect,
approaching the frequency of spin fluctuations would lead to a
peak and a substantial broadening of ∆Bpp (39, 40).
NMR measurements could bring information both about
dynamical changes in the structure, and about magnetic interactions at timescales much longer than that of ESR. First, NMR
measurements of 1 H can give insight into the emerging disorder potential coming from the BCO rotors by investigating its
rotational degrees of freedom (Fig. 1A). The BCO units are typically fast Brownian rotators, with one to hundreds of gigahertz
rotation at room temperature, depending on their surroundings
(ref. 41 and references therein). Based on the energy barriers of
the most significant, barrier-determining C–H–O hydrogen bond
interactions, the rotation is expected to have larger frequencies.
However, previous 1 H-NMR investigations have shown that
the motion of the BCO rotators in EDT-BCO is much slower
than in other structures (27), presumably due to the stronger
EDT and BCO interactions.
Fig. 3A shows that the NMR spin-lattice relaxation is dominated by the rotor motion above 70 K, resulting in a significant dynamic. The peak at 270 K comes from the matching of the rotational frequency with the NMR probing frequency (62 MHz). On cooling down, as it could be read from
T1−1 , rotors slow down with an activation energy of Ea /kB ≈
2,000 to 2,500 K and an attempt frequency (inverse correlation time) of A = 1/τc = 3 to 4 · 1012 s−1 (27), fitted using the
Bloembergen–Purcell–Pound (BPP) theory (42).
Therefore, the rotational degree of freedom becomes severely
impeded below ∼100 K, with the rotor blades stopping randomly
at any of three equilibrium positions (27). The upturn of T1−1
below 15 K has another origin from that of the freezing of the
BCO rotation, and it corroborates with the upturn in the second
moment, shown in Fig. 3B in the same temperature range and
explained below.
Low-lying electronic spin excitations influence the NMR relaxation at low temperatures, so T1−1 could be a sensitive gauge to
detect frozen static magnetic moments, as well. Fig. 3 A, Inset
shows representative NMR spectra below 70 K. They are typical
of nuclear dipolar fields and there is no significant broadening
down to 5 K, the lowest temperatures studied.
Nevertheless,
p
2nd
in Fig. 3B—where the second moment,
<f
>, of 1 HNMR spectra is plotted (deduced from the linewidth)—a weak
increase is noticed emerging from short-range p
magnetic correlations below 15 K (1). Note that above 70 K, < f 2nd > is also
dominated by the BCO rotation. However, this weak increase
cannot stem from ordered magnetic moments, as its value would
be well below 0.01 µB above 5 K. It is rather the signature of a
magnetically disordered, QSL behavior.
We believe that the weak increase in T1−1 in Fig. 3A below
10 K has the same origin, that is, of critical magnetic fluctuations.
Its functional dependence seems to support an unusual power
law of T1−1 ∝ T −α with α = 0.8(2).
The crucial experiment to confirm the absence of local freezing of magnetic moments, and to support the QSL state, is the
zero-field µSR, measured down to 20 mK. Since muon has a
magnetic moment, and it is implanted in the material as a local
probe, it is an especially sensitive tool for probing local magnetic
fields.
The depolarization curves of such measurements (SI Appendix,
Fig. S6) show coexisting random static fields associated with,
for example, the dipolar coupling of the muon and quasi-static
nuclear moments and dynamically fluctuating fields associated
with electronic spin fluctuations. To extract the relaxation rate
of this last parameter, one has to fit the asymmetry function as
PNAS | November 24, 2020 | vol. 117 | no. 47 | 29557
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regions) different quantum critical behaviors, except that above
100 K, where kB T reaches the characteristic exchange coupling
strength. For a detailed discussion of these regimes, we refer
to their work. It should be noted that Γ(T ) in both materials presents a relatively weak temperature dependence over the
whole temperature range. This reveals the absence of a substantial slowing down of spin dynamics in these organic QSL
candidate systems.
We focus our attention to the range below 0.5 K where the signature of QSL is measured. To identify the dynamics of the spin
fluctuations in a QSL, one needs to perform longitudinal field
dependence measurements of µ+ relaxation (λLF ; SI Appendix,
Figs. S6–S8).
On general grounds, the field dependence of λLF can be
attributed to the specific decay of the electronic spin dynamical autocorrelation
function, defined as S (t) = hS(t)S(0)i, with
R∞
λLF ≈ 2δ 2 0 S (t) cos(ωL t)dt, where δ is the width of the distribution of fields experienced by the muon for different electronic
spin configurations, and ωL is the muon Larmor frequency.
We plot λLF at 80 mK in Fig. 4B. Its field dependence roughly
is λLF ∝ B −0.6 . A power-law behavior (λLF ∝ B −n ) of the

A

Fig. 3. (A) Single-component 1 H-NMR spin-lattice relaxation rate as a function of temperature (solid circles) and simulation of the motion-induced
component (dashed line). Power-law fit is shown as an eye guide to
low-temperature upturn of T1−1 ∝ T −0.8 . (Inset) NMR spectra at three characteristic temperatures measured at 62 MHz (2 T). (B) The second moment
of 1 H-NMR spectra deduced from the linewidths. Below 70 K, the motion of
the rotors is completely stopped, and a slow increase is observed, indicating
the development of antiferromagnetic correlations.

A(t) − A0 = GKT (∆, t) · e −λt (43). Here, GKT is the static zerofield Kubo–Toyabe function describing spatially random fields
with many different frequencies overlapping, ∆ is the distribution width of the depolarization rate of the static nuclear spin
contributions, and λ describes the relaxation rate of electronic
spin fluctuations. To identify critical properties in our magnetically fluctuating system, we calculate the electron spin fluctuation
rate of µSR spectra, Γ(T ) = 1/λ(T ) (following ref. 15).
As seen in Fig. 4A, Γ(T ) (normalized to its value at 5 K)
exhibits only slow changes in temperature without a critical slowing down of the electronic spin fluctuations. That is, it shows
a substantial decrease in Γ(T ), which would be the sign of
magnetic ordering. The persistent fluctuations, and the constant
Γ(T ) below 0.5 K, suggest a spin-fluctuating QSL state down to
20 mK. This constant low-temperature spin relaxation, of central
importance for our study, is a universal characteristic of several
spin-liquid candidates (6, 15, 44, 45). The overall shape of Γ(T )
resembles that of κ-(ET)2 Cu2 (CN)3 , the canonical QSL material, extensively studied by Pratt et al. (15). In their analysis,
they have attributed to the various regimes (Fig. 4 A, hatched
29558 | www.pnas.org/cgi/doi/10.1073/pnas.2000188117
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Fig. 4. (A) Zero-field µSR spin fluctuation rate (normalized to 5 K) shows a
weak temperature dependence. Red eye guides and hatched areas highlight
the proposed relaxation regimes. Below 0.5 K, the constant spin fluctuations indicate persistent spin dynamics. (B) Longitudinal field-dependent
µSR relaxation at T = 80 mK. The solid line is a fit to the field dependence,
characterizing 2D spin excitations with power-law spin–spin correlations.
We note that the point shown at 0.01 mT corresponds to the zero-field µSR
experiment.
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h

λLF ∝ cos (x − 1) tan

−1

 ω i
L

ν

1
ωL2 + ν 2

(1−x )/2
[1]

which corresponds to λLF ∝ B x −1 in the limit ωL  ν. On the
basis of experimental and numerical results for random spin
systems (49, 50), it is expected that x < 0.8.
Indeed, we observed that the behavior of EDT-BCO is consistent with x ≈ 0.4 (SI Appendix, Fig. S8). Similar longitudinal
field dependence was found at all temperature points below
1 K. The best fit for 80 mK corresponds to the yellow curve in
Fig. 4B. The value of x is consistent with the range observed for
other spin-liquid candidates, where disorder is thought to play a
prominent role, including the inorganic triangular lattice spinliquid candidate YbMgGaO4 (x ≈ 0.66) (53) and the kagome
antiferromagnet, MgCu3 (OH)6 Cl2 (x ≈ 0.33) (45).
Discussion
The DFT calculation for the EDT sublattice gives a strong
anisotropy in the exchange energies on the triangles composed
of EDT molecules. With distinct values of J , the system is far
from being frustrated, like on an equilateral triangle, but it is not
anisotropic enough to be considered strictly one-dimensional. All
facts taken seriously, this would impose a long-range magnetic
order. But none of the experimental methods applied—ESR,
NMR, and µSR—detect a magnetic order in our high-quality
crystals.
The circumstance which could explain this mismatch between
DFT and experiments is the disorder which is generated by the
frozen-in position of the BCO rotors at low temperatures. This
disorder can affect the foreseen magnetic ordering in the EDT
planes in two ways: first, by decoupling the planes, rendering them
strongly 2D. And in the spirit of the Mermin–Wagner theorem,
there should not be a long-range order in 2D. The second way
is via the randomized rotor configurations provoking disorder at
nearly every unit cell. Then almost every exchange interaction is
affected, and the coherent couplings of the magnetic moments in
the plane are precluded. Nevertheless, the finite crystal size and
anisotropies which are usually present in real samples are circumstances that could release the restrictions of the Mermin–Wagner
theorem. We believe that the second scenario, the disorder coming from the BCO molecules, is responsible for the absence of the
magnetically ordered state in EDT-BCO.
DFT calculations would be important to confirm our statement that the disorder potential of the rotors precludes the
long-range magnetic order. However, the effect of disorder
needs to consider a reasonably large number of unit cells. The
magnetic coupling constants without disorder could be obtained
straightforwardly, although the layers of rotors have not been
taken explicitly into account, but already the unit cell contains
160 atoms. When dealing with the effect of disorder originating from the rotor layers, the required effective unit cell would
be too large to study. Furthermore, to resolve energy differences between various magnetic configurations of the order of
Szirmai et al.

100 to 200 K (≈10 meV), one would need a very high precision calculation given the large number of atoms in the supercell.
Computation-wise, this is an extremely hard task, and it is
reserved for future studies.
The QSL state does not mean that there cannot be fluctuating, short-range magnetic interactions, as ESR and NMR measurements indicate through the sample-independent χ ∝ T −0.4
spin susceptibility and the low-temperature upturn in T1−1 and
NMR linewidth. In our interpretation, the short-range fluctuating order hosts domain walls with quasi-free spins (32, 33). These
are called “orphan” spins. Presumably, interaction between these
gives the observed power-law dependence with temperature. It
should be emphasized that they are not related to impurities,
which are structural defects in the system. They are intimately
linked to the QSL nature of the magnetic structure. This explains
the sample-independent behavior and that one can observe these
features in other QSL candidates, as well (32, 33).
Conclusion
The materialization of QSLs continues to be a very challenging
field. A deep understanding of this phenomenon needs materials
carrying a broad range of microscopic parameters. The EDTBCO is a material which realizes a QSL state. In this material,
the randomly frozen positions of the BCO rotor molecules generate a disorder potential. Even though DFT calculations predict
magnetic order within the spin-carrying EDT layers, this disorder potential stymies the magnetic order, leading to a QSL state.
This report offers a toolbox for making a broad class of molecular
quantum spin-liquid systems with various architectures, where
built-in disorder generates QSL behavior.
Materials and Methods
Synthesis. Single crystals of [EDT-TTF-CONH2 ]+
[BABCO− ] (for ESR and
2
transport measurements) and additional significant amounts (ca. 100 mg)
of crystalline samples for NMR and µSR experiments were synthesized as
described in ref. 27.
The crystal structure, monoclinic unit cell, space group Pa, has no inversion symmetry with two independent molecules (different carbon–carbon
double-bond lengths) of the A and B molecules of the dimers (1.33 and
1.40 Å, respectively; Fig. 1C) (27).
Unlike in the case of δ-(EDT-TTF-CONMe2 )2 X (X = AsF6 , Br) (54), the
large size of the Brownian rotor molecules and the hydrogen bonding in
between the neighboring [BABCO− ] components (cf. Fig. 1B) exclude the
low-temperature charge ordering.
Nuclear Magnetic Resonance. Experiments were conducted in polycrystalline
samples at a 1 H Larmor frequency of 62 MHz down to 5 K. Wide-line 1 H
spectra were measured using a home-built NMR spectrometer and probe.
The probe was designed to reduce spurious proton signals. Samples were
loaded into a small glass tube (1.2 to 1.6 mm in diameter) on which the NMR
coil was wound. The 1 H signals were recorded using the free induction decay
following a π/2 pulse (typically 0.8 to 1.5 µs), and spin-lattice relaxation
was measured using the standard saturation recovery sequence. For each
T1 measurement, we recorded signals for 20 values of the relaxation delay
between the saturating comb and the measuring pulse.
Electron Spin Resonance. Multifrequency ESR measurements were conducted using a commercial Bruker Elexsys E500 spectrometer in the 4- to
35-GHz frequency range and a home-built high-frequency ESR spectrometer using the induction mode in the 52- to 420-GHz frequency range in the
1.5- to 300-K temperature range. The spectral resolution of ESR is linearly
proportional to the frequency, and thus we extended the precision of ESR
by about a factor of 40, when compared with the X-band ESR technique.
More details about the setup can be found in refs. 55 and 56. The magneticfield strength at the sample position was calibrated against a KC60 standard
sample.
[EDT-TTF-CONH2 ]+
[BABCO− ] has a single ESR line corresponding to the
2
spins in the cation plane. Measurements were performed in single crystals
of EDT-BCO in the three main g-factor orientations and angular-dependent
studies were performed at several temperatures to confirm the absence of
change of the g factors as a function of temperature.
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longitudinal field dependence has been evoked in onedimensional antiferromagnetic spin chains (46), and in disordered systems, including quantum spin liquids. Nevertheless,
the observed power-law exponent of n ≈ 0.6 deviates substantially from the one-dimensional case of n ≤ 0.5, observed
experimentally and calculated (46–48) (SI Appendix).
For spin-disordered systems, the decay of the average autocorrelation function is often dominated by rare regions that exhibit
long autocorrelation times, and it can be described by S (t) ∼
t −x e −νt , where the exponent x measures the effective disorder
strength, and the exponential part gives the long time cutoff (49–
52). To extract x , we have obtained a general functional form of
µ+ relaxation rate as

Muon Spin Rotation. µSR experiments were performed in the ISIS Rutherford Appleton Laboratory and in the Swiss Muon Source. Experimental
data were analyzed using the WiMDA program (57) and MuSRFit. Zeroand longitudinal-field data were collected from 19 mK to 300 K at fixed
temperatures.
Magnetic Exchange Calculations. Pairwise magnetic exchange interactions
between [EDT-TTF-CONH2 ]+ dimers were estimated via relativistic DFT calculations combined with exact diagonalization of a generalized Hubbard Hamiltonian (36) on four molecule clusters. This approach accounts for the internal
electronic degrees of freedom within each dimer, which may modify the effective exchange interactions. Hopping integrals, including spin–orbit coupling,
were estimated using the local quantum chemistry package ORCA on pairs
of molecules at the B3LYP/def2-SV(P) level (58). The two-particle exchange
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52. F. Iglói, C. Monthus, Strong disorder RG approach of random systems. Phys. Rep. 412,
277–431 (2005).
53. Y. Li et al., Muon spin relaxation evidence for the U(1) quantum spin-liquid ground
state in the triangular antiferromagnet YbMgGaO4 . Phys. Rev. Lett. 117, 097201
(2016).
54. L. Zorina et al., Charge ordering, symmetry and electronic structure issues and
Wigner crystal structure of the quarter-filled band Mott insulators and high pressure metals δ-(EDT-TTF-CONMe2 )2 X, X=Br and AsF6 . J. Mater. Chem. 19, 6980–6994
(2009).
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