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Tatjana Thomas', Yassine Agarmani', Steffi Hartmann', Mark Kartsovnik?, Natalia Kushch?®,
Stephen M. Winter*, Sebastian Schmid®, Peter Lunkenheimer’, Michael Lang' & Jens Miiller'

Ferroelectricity, where electronic degrees of freedom determine the polar order —thereby enabling fast
switching and phase control—is an important research field in current condensed-matter physics.
Using a combination of resistance noise and dielectric spectroscopy we investigate the nature of
relaxor-type electronic ferroelectricity in the organic conductor k-(BETS),Mn[N(CN),]3, a system that
represents a wider class of materials of correlated electron systems for which functionalities for
organic spintronics recently have been discussed. The two complementary spectroscopies reveal a
distinct low-frequency dynamics on different length scales, namely (i) an intrinsic relaxation that is
typical for relaxor ferroelectrics which classifies the system as a possible new multiferroic, and (i) two-
level processes which we identify as fluctuating polar nanoregions (PNR), i.e., clusters of quantum
electric dipoles that fluctuate collectively. The PNR preform above the metal insulator (MI) transition.
Upon cooling through Ty, a drastic increase of the low-frequency 1/f-type fluctuations and slowing
down of the charge carrier dynamics is accompanied by the onset of strong non-equilibrium dynamics
indicating a glassy transition of interacting dipolar clusters. The freezing of PNR and non-equilibrium

dynamics is suggested to be a common feature of organic relaxor-type electronic ferroelectrics.

Molecular (organic) materials consisting of light atoms have attracted
considerable interest in spintronics applications due to their small spin-orbit
interaction leading to long spin relaxation times"’. A number of different
devices, mostly based on organic semiconductors’, have been demonstrated
over the past decades*. More recently, functionalities for organic spin-
tronics have been discussed also in crystalline molecular materials, the so-
called organic charge-transfer salts (BEDT-TTF),X, where the donor
molecule BEDT-TTF (in short ET) represents bis(ethylenedithio)tetra-
thiafulvalene and X an acceptor molecule. Among these are nonlocal spin
valve functionality in a-(ET),15’, the theoretical prediction of spin-current
generation in the prototypical organic Mott insulator x-(ET),Cu[N(CN),]
CI%, spin-current injection and detection in the related compound with X =
Cu[N(CN),]Br’, or giant spin polarization due to the CISS effect (chirality
induced spin selectivity) in the organic superconductor X = Cu(NCS),". For
spintronics applications, multiferroic magnetoelectric materials' ™", how-
ever very rare', are highly desirable since spin currents could be switched

electrically. In this context, it is interesting to note that recently a number of
organic charge-transfer salts are recognized as electronic ferroelectrics, e.g.,
X = Cu[N(CN),]Cl, which, as an antiferromagnet, is even multiferroic.
Although for this material a magnetoelectric coupling has not yet been
established, the search for new candidates displaying rich physics of electric
and magnetic polarization in organic materials, and the better under-
standing of their peculiar ferroelectric properties is highly desirable.

In electronic ferroelectricity, which has become of considerable
research interest in recent years'*™, the primary order parameter is deter-
mined by electronic degrees of freedom thereby allowing for fast switching
and phase control, in contrast to conventional types of ferroelectricity where
the electric polarization is caused by the displacement of ions or the ordering
of permanent electric dipoles. In this context, an important mechanism for
the formation of electric dipole moments is charge disproportionation in a
modulated or bond-alternated dimerized lattice'****, which is why the
organic dimer-Mott insulators (ET),X are promising candidates for this
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type of ferroelectricity’*”. In this class of quasi-two-dimensional molecular
conductors, see Fig. 1, the transfer of one electron from two ET donor
molecules to monovalent X leaves behind a partially-filled molecular orbital.
A quasi-two-dimensional conduction band forms through the overlap of
adajcent molecular orbitals, i.e., the charge carriers responsible for electrical
conductivity have 77-hole character with strong electronic correlations due to
narrow bandwidth, reduced dimensionality and diminished screening of the
charges. In these layered materials, the so-called x-phase packing motif with
a dimerized structure of the ET molecules, provides a favorable structure for
order-disorder type electronic ferroelectricity that is driven by the charge
order within the (ET), dimers forming a triangular lattice'****”. The possible
charge localization on one molecule within the dimer, caused by the
interplay of on-site and inter-site Coulomb interactions, leads to quantum
electric dipole moments, see a schematic in Fig. 1b. These ingredients for
electronic ferroelectricity can be found in various compounds of organic
charge transfer salts. However, the phenomenology regarding electric
conductivity and polarization or the occurrence of magnetic ordering of the
localized spin 1/2 moments can be rather different. For example, order-
disporder-type electronic ferroelectricity can emerge within a Mott insu-
lating phase enabling antiferromagnetic (AFM) order, thereby creating a
multiferroic ground state™”, or coincide with a metal-insulator transition”*.
Furthermore, both long-range order or relaxor-type ferroelectricity, where
the characteristic peak in ¢’ becomes suppressed and shifted to higher
temperatures with increasing frequency, can arise'>*' .

It is an important general question whether relaxor-type ferroelec-
tricity originates from a ferroelectric state, that is broken up into nano-
domains due to quenched electric fields, or from a dipolar glass, i.e., freezing
polar nanoregions (PNR) which form inside a dielectric matrix’>”. Fur-
thermore, in theoretical studies of molecular organic conductors
(ET),X ***** it has been pointed out that for charge-driven-type ferroe-
lectricity large temporal and spacial dielectric fluctuations are expected that
may play a crucial role for the ferroelectric phase transition and the dielectric
and optical properties. Important consequences that have been predicted
are collective polar charge excitations and fluctuations of the latter that may
cause superconductivity, and—most relevant for this work—the formation
of PNR and electronic phase separation, where small polar clusters are a
possible cause of the frequently observed relaxor-like ferroelectric
dispersion™. In the case of the present organic charge-transfer salts (ET),X,
the PNR are considered to consist of short-range domains of electric dipoles
localized on the (ET),X dimers that fluctuate collectively’®’. Important in
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Fig. 1 | Crystal structure of x-(BETS),Mn[N(CN),]s. a The conducting BETS
layers are separated by insulating Mn[N(CN),]; anion layers. Interlayer direction is
the a-axis. b Projection of the donor and ¢ acceptor layer onto the be-plane. In

b dashed ovals indicate (BETS), dimers. For two dimers, the localization of charges
on one molecule (red cloud) is indicated by a shift from the center of gravity (red dot)
resulting in a quantum electric dipole (red arrow).

this context are also the theoretical suggestions that slow dynamics and
charge glassiness is intrinsic to the extended Hubbard model describing the
charges on a frustrated triangular lattice” and that the anomalies in €’(w, T)
are due to the vicinity of a ferroelectric quantum critical point". Finally,
besides in equilibrium measurements, recent terahertz-field-induced polar
charge order has been reported, where electronic ferroelectricity is induced
by the collective inter-molecular charge transfers in each dimer™.

In this work, we aim to address these questions of the nature of col-
lective excitations in charge-driven ferroelectric phases and their coupling to
electric fields by exemplarily studying the relatively new system -
(BETS),Mn[N(CN),]3, where BETS is a variant of ET in which the four
inner sulfur atoms are replaced by selenium, exhibiting a metal-insulator
transition at Tyy = 20-25 K***. Besides characterizing the transition by
thermal expansion and electrical resistivity measurements we apply a
unique combination of resistance noise spectroscopy and dielectric spec-
troscopy revealing microscopic evidence for fluctuating PNR as collective
excitations and precursors of relaxor ferroelectricity. Their slow dynamics
strongly depends on temperature and couples to the electric field. We
identify the insulating state below Ty as ferroelectric with typical relaxor-
type relaxation, which makes the system that also orders anti-
ferromagnetically a new multiferroic candidate. We furthermore observe at
Ty a sudden occurrence of strong non-equilibrium dynamics of interacting
dipolar clusters or domains consistent with a droplet model of spin glasses.
The electric field-dependent and slow (glassy) dynamics turns out to be a
common theme for a wide class of materials exhibiting electronic ferroe-
lectricity and need to be incorporated in their theoretical description.

Results

The system chosen for our study is x-(BETS),Mn[N(CN),]5 (in short x-
BETS-Mn), which recently has attracted interest due to the existence of
magnetic Mn** ions in the acceptor molecules, similar to the compounds A-
(BETS),FeCl; and x-(BETS),FeBr, exhibiting magnetic-field-induced
superconductivity***. In x-BETS-Mn, however, specific heat data® sug-
gest that the coupling between the BET'S spins and the Mn spins is negligible.
A rather small coupling constant between the 7- and d-electrons has been
also noted in ref. 47 and was estimated based on Shubnikov-de Haas data*®
to be <0.12 meV, i.e., more than an order of magnitude lower than for «-
(BETS),FeBr,. Based on this finding, theoretical studies including ab initio
calculations and modeling of magnetic torque” and NMR* results identify a
spin-vortex crystal order highlighting the importance of magnetic ring
exchange™. The system remains metallic down to Ty ~ 20 — 25 K, where it
undergoes a metal-to-insulator (MI) transition due to strong interactions of
the charge carriers within the conducting BETS layers. The insulating
ground state is sensitive to pressure and can be transformed into a super-
conducting state with T, = 5.7 K by applying p = 0.6 kbar*’, which is similar
to the behavior of the Mott insulator x-(ET),Cu[N(CN),]CI’**'. Band
structure calculations® reveal a narrow bandwidth and a relatively strong
dimerization of the BETS molecules. Quantum oscillations under
pressure”®” indicate strong electronic correlations suggesting a Mott
instability as the origin of the MI transition. Since in the x-phase dimerized
systems, the intra-dimer degrees of freedom and charge-lattice coupling
play an important role for the electronic ground state properties™”, the
system is a good candidate for electronic ferroelectricity.

In order to characterize the transition and study the dynamics related
to possible electronic ferroelectricity in single crystals of «-
(BETS),Mn[N(CN),]3, we performed studies of thermal expansion, resis-
tance fluctuation (noise) spectroscopy and dielectric spectroscopy, see the
Methods section below.

Metal-insulator transition

The resistance vs. temperature of two different x-BETS-Mn samples has
been measured perpendicular to the conducting layers upon cooling down
the samples with a slow cooling rate of g = — 0.7 K/min. The temperature
evolution of the normalized resistance R(T)/R(300 K) is shown in Fig. 2a for
samples #1 (in blue) and #2 (in red). At room temperature, the absolute
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Fig. 2 | Electric, thermodynamic and noise characterization. a Resistance nor-
malized to the value at 300 K vs. temperature of two x-BETS-Mn samples (#1 in blue,
#2 in red). The gray shaded regions correspond to the temperature regimes, where
pure 1/f-type spectra (region I), 1/f-type and superimposed Lorentzian spectra
(region II) and spectra of 1/f>-type with a strong time dependence (region I1I) were
observed. The inset shows the relative length change AL,/L; vs. T of sample #3 along
different in-plane and out-of-plane crystallographic axes around the MI transition.
The dashed line illustrates an idealized sharp jump for the in-plane b- and c-axis.
b Typical fluctuation spectra for regions I, I and III in sample #1. Normalized
resistance noise power spectral density, Sg/R*(f), in a double-logarithmic plot for
selected temperatures representing the three temperature regimes. Spectra are
shifted for clarity. Different lines shown for each temperature are due to subsequent
measurements of different frequency spans. Slopes Sg/R’ « 1/f and o 1/f are indi-
cated. Solid lines are fits to Eq. (1).

resistance values R(300 K) of samples #1 and #2 are very similar (977 Q) and
970 Q) with surface areas A =0.24 mm’, 0.17 mm’ and crystal thicknesses
d =55 pm, 45 pm, respectively, and both samples show a slight increase in
resistance upon cooling from room temperature until a small local max-
imum is observed at about T'~42 K. A maximum in R(T) was reported
previously™ at higher temperatures (T ~ 85 K), and has been ascribed to the
breakdown of transport coherence perpendicular to the conducting layers
and strong electron-phonon interactions®. The local maximum is also
visible in the DC conductivity of our dielectric measurements performed on
sample #4, see Fig. S9 in the Supplemental Information (SI), at T~ 80 K in
good agreement with ref. 43. Since the sample used for dielectric spectro-
scopy comes from a different batch, these results emphasize some sample-
to-sample dependence of this resistance anomaly.

Below a local minimum at 7'~ 30 K and 34 K, respectively, the resis-
tance curves for sample #1 and #2 show an abrupt increase by 6 and 2 orders

of magnitude, marking the MI transition at Ty =~ 22.5 K defined by a peak
in dIn R/dT* (with the onset of the resistance increase at about 25 K). This
coincides with the occurrence of AFM order at 21 — 23 K in NMR and
specific heat measurements***'. The drastically different resistance
increase at Ty suggests that sample #1 is of better crystal quality. In the
insulating regime, the resistance curve of sample #1 shows several jumps,
which occurred either spontaneously or are due to nonlinear I-V char-
acteristics, in particular at the lowest temperatures upon reducing the
driving current in order to avoid Joule heating. Below T ~ 20 K, the strong
increase of the resistance flattens, which is more pronounced for sample #2.
The white and gray shaded areas in Fig. 2a mark three distinct temperature
regimes, where different noise characteristics, ie., a distinctly different
charge dynamics, was observed (see Fig. 2b), which will be discussed in the
next section below.

The thermodynamic properties of the MI transition are studied by
measuring the thermal expansion of another x-BETS-Mn sample (#3) from
a different batch. The results of the relative length changes
AL(T) = L(T) — L(T,), where T, is a reference temperature (typically the
base temperature of the experiment), around the MI transition measured
along different in-plane and out-of-plane crystallographic axes i are shown
in the inset of Fig. 2a. We observe a remarkable anisotropy between the out-
of-plane (a) and in-plane (b and c) axes, where only the in-plane axes exhibit
a broadened step-like feature at Tyy, whereas there are no significant
changes in the out-of-plane direction. The slightly lower transition tem-
perature for these measurements may be attributed to varying criteria
applied for the characteristic temperature in different physical quantities
(the onset temperature is roughly the same), or simply may reflect sample-
to-sample differences. The dashed line represents an idealized sharp jump,
characteristic for a first-order phase transition, similar to the system x-
(ET),Hg(SCN),Cl, which also exhibits charge ordering and electronic
ferroelectricity”****. 1t is worth noting that the jump size of AL,/
Ly, ~ 1.3 x 10~* agrees rather well with the volume change calculated by the
Clausius-Clapeyron equation using the pressure dependence of Tyy
reported in ref. 43 and the entropy change AS determined in ref. 46.

Charge carrier dynamics
In order to study the charge carrier dynamics around the MI transition at
low frequencies, we performed fluctuation spectroscopy measurements in
discrete temperature steps using varying setups for different resistance
regimes (see “Methods”). Typical spectra for selected temperatures repre-
senting three regimes with distinctly different low-frequency dynamics are
shown in Fig. 2b. At high temperatures (region I), the resistance noise power
spectral density (PSD) shows pure 1/f-type behavior (red spectrum), i.e., Sg/
R? o 1/f* with the frequency exponent & = 0.8 — 1.2. The analysis of these
spectra for T'> 50 K implies enhanced structural dynamics, likely related to
the abovementioned peak in the resistivity, and will be published elsewhere.
For temperatures below and just above the MI transition, however, a more
complex behavior of the charge carrier dynamics emerges. In temperature
region IT above Ty (light gray shaded area), we observe Lorentzian spectra
superimposed on a 1/f-type ‘background’ (green), which are caused by
dominating two-level fluctuators. At temperatures below Ty (region III,
dark gray shaded area), we find strongly enhanced Lorentzians with Sg/
R’ « 1/f above about f= 1 Hz (blue), which are both current dependent and
time dependent, see the small offset for subsequent frequency spans for
T'=20 K in Fig. 2b. This suggests, respectively, (i) a non-linear coupling to
the electric field, and (ii) non-equilibrium dynamics and spatial correlations
emphasizing the metastable character of the charge carrier dynamics.
Therefore, measurements of the so-called ‘second spectrum’ S(z)(fl, 1) (see
“Methods”) have been performed to further analyze the observed ergodicity
breaking, see below. We start, however, by discussing the temperature-
dependent ‘first spectrum’ SY(f, T), Fig. 2b, in regime IT (considering at first
only the 1/f-type ‘background’ without the superimposed Lorentzian con-
tribution) and regime IIL

Figure 3a shows the spectral weight ff mx S (f)/R*df, which cor-
responds to the variance of the signal for "the given bandwidth, vs.
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Fig. 3 | Low-frequency charge carrier dynamics. a Spectral weight for different
frequency ranges ([0.01, 0.1 Hz] and [10, 100 Hz]) of sample #1 vs. temperature
around the MI transition (light gray: regime II and dark gray: III). The inset shows
the frequency exponent « vs. logarithmic temperature. b Contour plot of the relative
noise level ag = Sg/R* x f in log scale in dependence of temperature and logarithmic
frequency.

temperature in a certain frequency interval [f . ,f,...] for two frequency
bandwidths [0.01,0.1 Hz] and [10, 100 Hz]. Clearly, at all these fre-
quencies the MI transition is accompanied by a drastic increase of the
noise PSD’s spectral weight by many orders of magnitude, culminating
in a maximum at T ~ 20 K, which is more pronounced and sharp for the
lower frequency bandwidth [0.01, 0.1 Hz]. A striking observation is that
upon further cooling, after a drastic increase by more than seven orders
of magnitude, the noise level at these low frequencies saturates at a high
level below the peak (about five orders of magnitude higher than at the
onset of the transition), whereas the spectral weight for the higher fre-
quency window [10, 100 Hz] decreases upon further cooling to a value
comparable to that above the transition. Thus, the charge carrier
dynamics below Ty is dominated by rather slow fluctuations. The
spectral weight of fluctuations with Sg & 1/f* (the noise magnitude) is
reflected by the frequency exponent a(T) = —9In Sg(T)/dInf, shown
in the inset of Fig. 3a, where a =1 corresponds to a homogeneous dis-
tribution of the energies of fluctuators contributing to the 1/f-type noise,
and a>1 and a<1 correspond to slower and faster fluctuations in
comparison, respectively*’. Upon approaching the MI transition, «
being slightly larger than 1 first drops below 1 at about 25 K (onset of MI
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Fig. 4 | Two-level fluctuations. a Lorentzian noise contribution as Sg/R* x fvs. f
superimposed on a 1/f-type ‘background’ for different temperatures and constant
current (I =80 yA) for sample #2. The corresponding shift of the corner frequency
given by the maximum of the curves (dashed lines), is shown for the three highest
temperatures in b vs. the inverse temperature with the slope (black line represents an
Arrhenius fit) revealing the activation energy. (Dashed line for the 38 K curve in

a indicates the presence of a second Lorentzian peak at lower frequencies, see also
Fig. S2.) ¢ Lorentzian contribution as Sy X fvs. ffor T = 35 K and different currents,
revealing a shift of the corner frequency as illustrated in d. The dipole moment,
which is extracted from the slope of the linear fits according to Eq. (2) shown in d, is
displayed in e vs. temperature. The black line is a guide to the eye.

transition) representing an initially faster dynamics, before it strongly
increases to a peak value a ~ 2 at 20 K, indicating a strong shift of spectral
weight to lower frequencies and a drastic slowing down of the dynamics.
Below the peak, the fluctuations seem to become faster again upon
further cooling but then saturate at consistently high values. A spectrum
with a = 2 is a signature of non-equilibrium dynamics and often results
from a high-frequency tail of a single Lorentzian (cf. blue curve in Fig.
2b), which dominates the fluctuations over the entire frequency range of
our measurements and implies a switching of the system mainly between
two subsequent states. The overall picture of an enhanced noise level and
drastic slowing down of charge carrier dynamics is highlighted in a
contour plot of the so-called relative noise level ag = Sg/R” x f (see Fig.
3b) vs. temperature and frequency. ag, a dimensionless quantity char-
acterizing the strength of the fluctuations, upon cooling clearly starts to
increase below the onset of the MI transition T'= 25 K at all frequencies
and peaks at about T=19 — 20 K. The noise maximum is more pro-
nounced at lower frequencies (note that ar and f are shown on a loga-
rithmic scale). In particular, at low temperatures, only the slow
fluctuations prevail, whereas at higher frequencies, the noise level of
T> Ty is recovered. The noise magnitude for sample #2 (see Fig. S1 in
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Fig. 5 | Dielectric properties. a Temperature dependence of the dielectric constant
measured at various frequencies. The vertical dashed line indicates the onset tem-
perature of the metal-insulator transition which is at 22 K for this sample. The lines
are guides for the eye. b Inverse relaxation strength of the intrinsic relaxation
detected at T' < Ty as deduced from fits of the frequency-dependent dielectric data
using an equivalent-circuit approach (see SI for details). The line demonstrates
Curie-Weiss behavior with Tcyw = 1.8 K. ¢ Arrhenius representation of the
temperature-dependent relaxation time of the intrinsic relaxation process as
obtained from the fits. The solid line is a fit of the data above 15 K by an Arrhenius
law with an energy barrier of 31 meV. The dashed line is a guide to the eye.

the SI) yields qualitatively similar results, whereas the noise increase is
not as pronounced and not as sharp as for sample #1 analogous to the
resistance behavior.

Now we also consider the Lorentzian spectra superimposed on the
1/f-type noise and describe the fluctuations by

ST _a, b
R

(1

for temperatures from 50 K down to 21 K, i.e., the noise peak below the onset
of the MIT (regime II), exemplarily shown in Fig. 4 for sample #2, where
a(T) and b(T) are the amplitudes of the 1/f-type and Lorentzian noise
contributions, with frequency exponent a(T) and corner frequency f.(T),
respectively. Since observed time dependences of the spectra below Ty
indicate that the fluctuations are not statistically stationary in regime III, in
the following we discuss the observed systematic non-linear current
dependence of the spectra only for temperature regime II. By multiplying
the noise PSD with frequency, Sg/R* x f, the 1/f-type contribution becomes a
more-or-less constant ‘background’, thereby emphasizing the Lorentzian
contribution with its maximum at the corner frequency f;. This frequency
(marked by dashed lines) shifts as a function of temperature, as shown in
Fig. 4a for the corresponding switching process with constant current
(I=80uA). An Arrhenius representation, shown in Fig. 4b, reveals
thermally-activated behavior f. = f,exp(—E,/kzT) with an attempt
frequency f, of order typical phonon frequencies and an activation energy
of E, = 26 meV. We note that the curves at 35 Kand 38 K in Fig. 4a reveal the
presence of a second Lorentzian peak at lower frequeny. Indeed, in addition
to the 1/fterm, two Lorentzian contributions fit the spectra rather well (for
38 K, the low-frequency one is indicated by a vertical dashed line).

Correspondingly, different measurement runs (see SI, Fig. S2) during
warming and cooling reveal various dominating switching processes
depending on the temperature: for T=35— 50K we observe two-tevel
switching with E,=72— 86 meV, whereas for lower temperatures
T=40—25K processes with E,=34 —40meV and E, =22 — 26 meV
are found, see SI for details. As discussed in the following, we assign these
two-level processes to thermally-activated switching of clusters of quantum
electric dipoles fluctuating collectively, i.e., polar nanoregions. A distribu-
tion of cluster sizes likely is the reason for the range of activation energies
being observed at different temperatures. The origin of these values at
constant bias and temperatures above the metal-insulator transition should
be related to the incipient localization of charge carriers.

Strikingly, besides the shift with temperature, we observe a strong
current dependence of the Lorentzian contribution, see Fig. 4c for another
measurement run. At fixed temperature, increasing currents shift the corner
frequency to higher values and the magnitude of the Lorentzian b(T) gets
suppressed, very similar to previous observations in the square lattice Mott
insulator and relaxor ferroelectric f'-(ET),ICL,”". (Therefore, it is important
to note that the temperature-dependent shift discussed above was always
analyzed for the maximum applied current.) The linear increase of the
corner frequency revealed in a plot of In f, vs. current, see Fig. 4d, indicates
that the energy landscape of the thermally activated two-level processes is
influenced by the dipole energy —Eg;,q. = pE according to™*

_ p£—Ea) 5
fc fOeXp< kBT ’ ( )

where £ denotes the electric field. The dipole moment p at a fixed tem-
perature can be determined from a linear fit of the data shown in Fig. 4d with
the slope yielding p = 4.7 - 107> Cem at T'= 35 K, where the electric field is
calculated from the applied current, the temperature-dependent resistance
and the sample thickness. For #-(BETS),Mn[N(CN),]; very recent
vibrational infrared spectroscopy measurements revealed a small but
significant charge disproportionation on the dimer which tentatively has
been estimated to §:50.02 — 0.05¢”. This corresponds to a fluctuating
nanoscale polar region of radius 3 — 5 nm for spherical PNR or 5 — 8 nm for
cylindrical PNR with the height of the unit cell (one molecular layer). This is
comparable though somewhat smaller than the PNR size estimated for
B'-(ET),ICL, with § < 0.1¢”*”. The temperature evolution of p is displayed in
Fig. 4e and, despite some scattering in the data, reveals increasing values for
decreasing temperatures, which appear to saturate below Ty;. We note that
a qualitatively similar behavior is observed for sample #1 but a clear
systematic of the Lorentzian spectra which allowed to track p(T) was only
observed for sample #2. We speculate that this might be caused by the higher
degree of disorder for the latter sample, which may be favorable for the
formation of PNR **.

Dielectric properties
In order to elucidate the yet unknown electronic state at low temperatures
especially with regard to the formation of electronic ferroelectricity, dielectric
measurements in a broad frequency range 0.1 Hz < v < 1.8 GHz were per-
formed at temperatures T'= 5 — 300 K. This technique is complementary to
the resistance noise spectroscopy discussed above in two ways. First, dielectric
spectroscopy can capture the dynamics of individual electric dipoles, i.e.,on a
microscopic level, fluctuating in an ac electric field and it covers a broader
frequency range. In contrast, resistance noise spectroscopy captures the
dynamics of larger scale polar objects, PNR or domains, the fluctuations of
which couple to the resistivity. Second, whereas dielectric spectroscopy
requires a sufficiently insulating behavior of the measured sample, resistance
noise spectroscopy works for sufficiently conducting samples. Therefore,
complementary information on the dynamics of microscopic objects can be
gained from the combination of the two spectroscopies.

In the present case, the relatively high conductivity of x-BETS-Mn
above the MI transition leads to pronounced non-intrinsic effects (so-called
Maxwell-Wagner relaxations)*™’, probably due to the formation of
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Fig. 6 | Non-equilibrium dynamics and suggested origin. a Frequency exponent a,
of the second spectrum S@ oc 1/f3? against temperature, which is extracted from a
linear fit of the PSD in a double logarithmic plot, as shown in the inset. Different red
to orange colors mark different octaves. b Schematic illustration of the dipolar
dynamics that leads to the observed behavior in the resistance noise and dielectric
properties. Left: Frozen dipole-glass state below Ty exhibiting relaxor-type fer-
roelectricity and strong non-equilibrium dynamics. Right: Polar nanoregions (PNR)
performed in the metallic phase above Ty;;. Whereas above Ty, the PNR are
independently fluctuating, they exhibit spatial correlations in the insulating/ferro-
electric regime (indicated by wavy lines).

insulating>

Schottky diodes at the interfaces between sample and metallic electrodes
(see SI for a detailed discussion). Figure 5a, showing the temperature
dependence of the dielectric constant ¢ at selected frequencies, is thus
restricted to temperatures T < Ty The strong increase of € at high tem-
peratures is due to the onset of the mentioned Maxwell-Wagner relaxations.
At lower temperatures, however, indications for an intrinsic relaxation
process are observed, signified by a sigmoidal curve shape, shifting to lower
temperatures with decreasing frequency. At the lowest frequencies, a peak
develops and ¢ reaches relatively high values of several hundred. Neglecting
the non-intrinsic high-temperature increase, the overall behavior in Fig. 5a
is that of the typical dielectric response of relaxor ferroelectrics™. This
makes x-(BETS),Mn[N(CN),]; most likely another example of an organic
multiferroic compound. (By the current definition of multiferroicity as a
coexistence of ferroelectric and ferro-, ferri- or antiferromagnetic order the
multiferroic material is denoted as type I if the magnetic and ferroelectric
orders occur independently. If the ferroelectric and magnetic transitions
emerge jointly, the multiferroic is of type II'’. Regarding a possible mag-
netoelectric coupling, the magnetic vortex crystal order that has been sug-
gested for x-BETS-Mn* is ultimately odd under time reversal and even
under spatial inversion, so it has similar symmetry properties as in the

antiferromagnetic order in x-(ET),Cu[N(CN),]Cl. Symmetry disallows
linear coupling to a ferroelectric order parameter, but quadratic coupling is
allowed.)

As mentioned above, relaxor ferroelectricity, believed to arise from a
cluster-like, short-range ferroelectric order’®”*, was also observed in several
other charge-transfer salts™”"****%%_The intrinsic nature of the relaxor-
like low-temperature behavior is strongly supported by the similarity of the
results obtained using a different experimental setup, different samples and
contact materials as discussed in the SI (Figs. S5 and S6). To further cor-
roborate the relaxor ferroelectricity in x-BETS-Mn, polarization measure-
ments as provided, e.g, in ref. 34,65,67 would be desirable. Unfortunately,
the rather high conductivity of this material >’ makes such measurements
impracticable. We therefore refer to our system as a multiferroic candidate.

Fits of the dielectric spectra, using an equivalent-circuit approach to
account for the non-intrinsic contributions, allows deducing the relaxation
strength Ae and the relaxation time 7 of the intrinsic low-temperature
relaxation (see SI for a detailed discussion). Figure 5b shows the inverse of
the resulting Ae(T). The observed linear increase indicates a Curie-Weiss
behavior, Ae x 1/(T — Tcw) with Tew = 1.8 K. Ty represents an estimate
of the quasistatic dipolar freezing temperature. It is even lower than the
already rather low Tcy = 6 K of x-(ET),Cu,(CN);*’ and much lower than in
other charge-transfer-salt relaxors where Tcyw values between 35 and 206 K
were reported”***>®,

Figure 5¢ shows an Arrhenius plot of the temperature dependence of
the relaxation time as derived from the fits. The observed non-linear
behavior clearly evidences deviations from simple thermal activation of the
detected dipolar dynamics which at best holds for T'> 15 K only (solid line).
In relaxor ferroelectrics, 7(T) often can be described by the Vogel-Fulcher-
Tammann law, which indicates glassy freezing of the dipolar dynamics at
low temperatures™. However, in the Arrhenius representation of Fig. 5c,
this should lead to an increase of slope with decreasing temperature.
Instead, we observe a successively weaker temperature dependence of 7 at
low temperatures (dashed line in Fig. 5¢). This finding can be explained by
a crossover from thermally-activated behavior to quantum-mechanical
tunneling below about 15 K: as the tunneling probability should be
essentially temperature independent, a weaker temperature dependence of
T arises when, upon cooling, thermal activation becomes increasingly
unlikely and tunneling phenomena start to dominate. We note that a
similar unusual temperature dependence of the relaxation in glassy sys-
tems has also been found in a theoretical study of a 2D doped classical
antiferromagnet, where slow and spatially heterogeneous dynamics occurs,
and the relaxation times associated with spin correlations and diffusion of
particles both diverge at low temperatures in a sub-Arrhenius fashion®.

We emphasize again that the relaxational processes observed by
resistance fluctuation and dielectric spectroscopy, even though the fre-
quency (and temperature) ranges overlap, are attributed to different
microscopic processes. The former is connected to the switching of PNR
associated with relatively large effective energy barriers, thus resulting in
rather slow dynamics. The latter captures much faster processes, pointing to
reorientational dynamics that occurs on a smaller length scale than the
switching of the whole PNRs. Interestingly, in the theoretical treatment of
relaxor ferroelectrics by Vugmeister” the presence of local polarization
dynamics inside the PNRs was assumed. An alternative mechanism for
faster dynamics in relaxors is the motion of the PNR boundaries as con-
sidered in the breathing model by Glazounov and Tagantsev’’. In combi-
nation, the complementary methods provide a more complete picture of the
relaxation dynamics in electronic ferroelectrics where disorder and/or
competing interactions lead to emergent electronic phase separation.
Importantly, the PNR form as fluctuating units that can be stabilized in an
electric field already above the MI transition and therefore are precursors of
the relaxor-type ferroelectricity observed below Ty

Nonequilibrium dynamics
The results of the dielectric spectroscopy confirm the slowing down of dipolar
motion and local ferroelectric correlations for decreasing temperatures,
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typical for relaxor materials. We now discuss another characteristic feature
below the MI transition, i.e., a sudden onset of a strong time dependence of
the resistance/conductance noise PSD in the insulating state below Ty,
which results in variations of the spectral weight for repeated measurements
at the same temperature, i.e., the fluctuations are not statistically stationary
anymore. A similar behavior has been observed for samples #1 and #2,
whereas for sample #1, the noise level varies with time by up to one order of
magnitude (cf. Fig. S3a in the SI), while for sample #2 the changes are less
pronounced. This so-called spectral wandering should be reflected by a non-
Gaussian probability distribution of the time signal, which is often caused by
spatially correlated fluctuators” °. Indeed, below Ty, we observe deviations
from a Gaussian distribution, see Fig. S3c in the SI, very similar to the
dynamics of the first-order electronic phase transition in complex transition
metal oxides’®, which was ascribed to electronic phase separation. In order to
identify interacting/spatially-correlated fluctuators, we investigated the
higher-order correlation function by measurements of the second spectrum
S?(f,, 1, T), which corresponds to the PSD of the fluctuating first spectrum
(see e.g, refs. 77-79 for more detailed information). Here, f; = fand f, cor-
respond to frequencies of the first and second spectrum, respectively, where f,
results from the time dependence of S(f, T) = S(f,, ¢) at fixed frequency f;. In
the case of correlated fluctuators, the second spectrum often shows a fre-
quency dependence according to S@ o 1/f5> with a, > 0, whereas &, = 0 for
statistically stationary, Gaussian fluctuations®.

A typical spectrum of S?(f,) is displayed in the inset of Fig. 6a for
sample #1 at T =22 K and indeed reveals a S® o 1/f, behavior (black line).
The time-dependent spectral weight of the first spectrum, which is used to
calculate the second spectrum, is exemplarily shown in the SI [Fig. S3b]. The
second spectrum is usually analyzed for different octaves, which are indi-
cated by red to orange colors in Fig. 6a and correspond to varying frequency
ranges of the first spectrum (see Fig. S3a in the SI). In order to investigate the
development of spatial correlations when crossing the MI transition, we
analyzed the frequency exponent «, of the second spectrum over a wide
temperature range, see Fig. 6a. Whereas above the MI transition $? is
roughly frequency independent (a, ~ 0), there is a sudden increase of the
frequency exponent up to o, ~ 1 below Ty, coinciding with the strong
increase in the magnitude of slow fluctuations S(f,) shown in Fig. 3 above.
Clearly, the MI transition is accompanied by strong non-equilibrium charge
dynamics indicative of spatially-correlated fluctuators and a dipolar glass.

Discussion
We put the results on x-(BETS),Mn[N(CN),]; in context to other organic
charge-transfer salts. Prominent examples are the Mott insulators x-
(ET),Cu[N(CN),]Cl, where order-disorder-type electronic ferroelectricity
emerges within a Mott insulating phase'’, whereas it coincides with a Mott
metal-insulator transition in x-(ET),Hg(SCN),CI****. Interestingly, in the
former system both long-range order or relaxor-type ferroelectricity can
arise'>”". The latter behavior, indicative of interacting electric dipoles in the
presence of a random potential or competing interactions, is more abundant
and has been observed first in the system #-(ET),Cu,(CN);”. Likewise,
relaxor-type ferroelectricity occurs in other x-(ET),X compounds, as e.g., X
= Ag)(CN)s, as well as in systems with other packing motifs or donor
molecules, e.g., B-(ET),ICL,, a-(ET),l; and various Pd(dmit), systems™ .
For x-(ET),Hg(SCN),Br, a quantum dipole liquid has been suggested®" in
which electric dipoles created by intradimer charge imbalance remain
fluctuating down to low temperatures. Interestingly, for this compound
inhomogeneity, local correlation, and slow dynamics indicative of spatial
correlations on the nanometer length scale has been reported for the spin
degrees of freedom forming clusters emerging in the electric-dipole liquid™.
For the present x-(BETS),Mn[N(CN),];, the following tentative sce-
nario for the dynamics of the electric dipoles residing on the (BETS), dimers
is suggested from dielectric spectroscopy. Upon approaching Ty from
above, due to strong electron correlations the 7-holes become localized on
the dimers driving the system into the Mott insulating state going along with
a strong increase in both resistance and resistance noise. However, the holes
remain delocalized on their respective dimers and the hopping of the holes

between the two molecules corresponds to the reorientation of an associated
dipolar moment, detected by dielectric spectroscopy.

With decreasing temperature, this local motion starts to slow down
and, simultaneously, local ferroelectric correlations—which, however,
partly have been developed already above Tygy—lead to the cluster-like
ferroelectric order, typical for relaxor ferroelectrics. Upon cooling through
the MI transition, those PNR which dominate the resistance noise and
preexist as fluctuating entities above Ty, undergo a transition of interacting
two-level systems. The abrupt and drastic change of the statistical properties
of the fluctuations and onset of non-equilibrium dynamics—a signature of
spatial correlations” *—right at the onset of the metal-insulator transition
can be explained by a change of the background matrix, which is metallic
above Ty providing screening of the dipole moments. Below Ty, the
insulating background allows the PNR to interact, see Fig. 6b for a schematic
illustration. Here, it is important to note that, as described in the Methods
section below, the interlayer charge transport shares the features of the in-
plane carrier dynamics.

The strong enhancement of the noise magnitude Sg/R* at the MI
transition at low frequencies below ~1 kHz shown in Fig. 3 for sample #1 can
be considered a signature of the first-order phase transition accompanied by
emergent electronic phase separation’***. The enhancement of the fre-
quency exponent « corresponding to a drastic shift of spectral weight to low
frequencies and slowing down of charge carrier dynamics which persists at
low temperatures, is consistent with the localization of charge carriers and
the onset of the freezing of PNR switching. The more inhomogeneous
transition in the resistivity observed for sample #2 results in a broadened
feature also in the noise magnitude since disorder may lead to the locali-
zation of charge carriers in different parts of the sample at slightly different
temperatures.

Moreover, whereas in conventional relaxors the correlated dipolar
dynamics arise from ionic motions and exhibit glass-like freezing upon
further cooling®™, in x-BETS-Mn tunneling starts to dominate at low
temperatures, preventing the further slowing down and final arrest of the
essentially electronic dynamics. This may explain the saturation of the noise
level/persistence of slow dynamics at low frequencies and low temperatures.
We note that other, more complex scenarios, for example interfacial charge
defects within a domain structure arising from coupling of the organic layers
to the anion network have been discussed in ref. 85 in order to explain the
relaxor dynamics in x-(ET),Cu,(CN)s. For the present system, however, the
existence of PNR and non-equilibrium dynamics is evident.

Finally, in analogy to spin glasses, the origin of correlated fluctuating
PNR may be classified by the frequency dependence of S? vs. f/f; in the
hierarchical (replica symmetry breaking) or droplet model™””***. The
models can be distinguished by their scaling properties, where in a plot
log SP(f,,f,) vs. log(f,/f,) all curves collaps in the picture of spectral
wandering between metastable states related by a kinetic hierarchy. Such a
behavior we only observe in close vicinity to Ty (see SI, Fig. S4). In contrast,
for all investigated temperatures T < Tyyy the curves for different octaves are
clearly shifted in accordance with a droplet model indicating interacting
clusters with a characteristic size distribution, where smaller droplets occur
more frequently than large droplets which in turn are more likely to interact.
It is tempting to identify these droplets with the (possibly merged) PNR. The
variation with different octaves is refelected in long-time measurements of
the spectral weight of the first spectrum, where fluctuating processes with
time constants of a few hours were observed. This indicates that the noise
level switches between a few states only, whose transition times sometimes
exceed the measuring time, resulting in different a, values for repeated
measurement runs. Such behavior was also observed in the dielectric
polarization noise of a glassy system® where the spectra continued to change
even after several hours due to the large heterogeneity of time constants,
which, in general, is a prominent feature of glassy dynamics. It should be
noted that in canonical glass forming systems, non-equlibrium dynamics is
expected below the glass-transition temperature T only. In the present case,
the onset of such effects just below T);; shown in Fig. 6a points to Ty = Ty
Having in mind the commonly-used relation 7(T,) =~ 100 5™, the relaxation
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time of the PNRs then should approach a value of 100 s for T — Ty, This
seems to contradict the Arrhenius law employed to fit the peak frequencies
in Fig. 4b, whose extrapolation leads to Ty~ 15 K (using 7= 1/(27f.)). This
apparent discrepancy may well point to non-Arrhenius temperature
dependence of 7(T), which is typical for glass forming systems™. In Fig. 4b, it
should lead to deviations from linear behavior, which, however, are not
detectable due to the rather restricted temperature and frequency window of
the observed fluctuations. Importantly, there are strong non-equilibrium
dynamics for temperatures less than T, whether or not this temperature
coincides with a “true” glass transition.

To summarize, our results emphasize the importance of intra-dimer
charge degrees of freedom resulting in electronic ferroelectricity in dimer-
ized ET- and BETS-based organic conductors, and demonstrate that the
combination of fluctuation and dielectric spectroscopy is a powerful tool to
study dipolar dynamics in these systems in different time and length scales.
We have identified fluctuating polar nanoregions (PNR) as precursors of a
relaxor ferroelectric state and identified x-(BETS),Mn[N(CN),]; as a pos-
sible new multiferroic material. Upon cooling through the metal-insulator
transition, non-equilibrium dynamics of interacting PNR emerges con-
sistent with a glassy droplet model. Slow dynamics that depends strongly on
temperature and the applied electric field should be considered in future
theoretical descriptions since it appears to be a common theme for a number
of different organic dimer Mott insulator compounds where electronic
ferroelectricity is discussed, among them «-(ET),Cu[N(CN),]Cl,
Br-(ET),ICL, k-(ET),Hg(SCN),Cl or k-(ET),Cu,(CN)s, where charge order
within the dimers results in an electric polarization. Interestingly, terahertz-
field-induced polar charge order for x-(ET),Cu[N(CN),]Cl suggests the
coupling of charge and spin degrees of freedom to play an important role in
the stabilization of the polar charge order as well as the intermolecular
Coulomb interaction and the electron-lattice interaction™. It is worth fur-
ther investigating the influence of competing interactions and a random
lattice potential, that may cause the glassy/relaxor properties, and—in view
of searching candidates for organic spintronics applications, considering the
peculiar spin-vortex crystal order in x-(BETS),Mn[N(CN),]; recently
suggested in ref. 46—the coupling strengths between charge, spin and lattice
degrees of freedom.

Methods

Samples investigated

Single crystals of x-BETS-Mn with plate-like geometry were grown by
electrochemical crystallization™. In total five different samples (two for noise
spectroscopy, one for thermal expansion measurements and two for
dielectric spectroscopy) from three different batches were studied. The
samples for dielectric measurements (#4 and #5) and thermal expansion
(#3) are from the same batch (Garching-SW-03). The samples for noise
spectroscopy are from different batches (sample #1 from batch NKG279
and sample #2 from AD1).

Resistance measurements and fluctuation (noise) spectroscopy
In the present highly anisotropic layered compound the out-of-plane
resistance can be most reliably measured, whereas the in-plane resistance
suffers from significant parasitic contributions of interplane voltage, (see
ref. 91) for a detailed discussion. We therefore focus on the interlayer charge
transport and dielectric spectroscopy in the out-of-plane direction. In the
present compound, the interlayer transfer energy is much lower than the
Fermi energy’". Therefore, despite the weak coupling between the layers, the
interlayer charge transport at low temperatures and for high-quality sam-
ples is dominated by the coherent conduction channel and we can expect
that the interlayer transport shares the features of the in-pane carrier
dynamics, scaled by the effective mass ratio.

For resistance and noise measurements, 20 ym-thick Pt wires were
attached to the largest surface of the samples, corresponding to the con-
ducting bc-plane, by using carbon paste. Two contacts on each side of the
sample allowed a four-point measurement perpendicular to the BETS lay-
ers. The resistance in the metallic region was measured by an AC technique

with a lock-in amplifier (Stanford Research 830), whereas below the MI
transition a DC configuration with a Keithley Sourcemeter 2612 was used.

The noise power spectral density (PSD) of the resistance fluctuations
OR(t) = R(t) — (R(t)), where (R(t)) is the time-averaged mean value that
may be considered equal to zero, is defined as:

2

T/2
1 .

Se(f) =2 Jim = / SR(He~>™df 3)
~-T/2

where the variance of the signal (8R(f)’) is normalized by
(OR(H)*) = fooo Sg(f)df. The Wiener-Khintchine theorem connects the
power spectrum of any fluctuating quantity x to a time-like property of
the statistically varying function 6x(t). This time-like property is given
by the system’s autocorrelation function ¥,,(7)= (x(t)-x(t+ 7))
describing the microscopic kinetics of the fluctuation process:

oo

S,(f)=4 / VY. (1) cos(2nfr)dr. (4)

0

The Fourier transform can be inverted, i.e., measuring the noise PSD in
principle allows access to the correlation function ¥,,(7) which is a non-
random characteristic of the kinetics of the system’s random fluctuations,
describing how the fluctuations evolve in time on average’*”. Fluctuation
spectroscopy measurements were performed with a four-point AC
(T > Tyy) and four-point DC method (T < Tyy) by using a preamplifier
(Stanford Research 560) and a signal analyzer (Stanford Research 785)
(see ref. 56,93 for more detailed information), which provides the power
spectral density of the voltage fluctuations by computing the Fast Fourier
Transform. For measurements of the second spectrum, we employed a fast
data acquisition card (DAQ) (National Instruments PCI-6281) instead of
the signal analyzer in order to determine the power spectral densities from
the recorded time signal by a software. In many conducting systems (like the
present one) the measured spectral density of the noise above the
equilibrium one increases with the current I as I’ (or with the voltage V as
V?). This is usually interpreted as the modulation noise caused by
fluctuations (random modulation) of the sample’s resistance OR(f).
According to Kirchhoff’s law, the spectral densities of current noise at fixed
voltage and voltage noise at fixed current are simply given by (S;/I%), =
const. = (Sy,/V?), = const. = Sy/R*> where R is the differential
resistance’. Thus, it is common to consider the resistance or conductance
noise power spectral density normalized to the resistance or conductance
squared in order to address the relative change in the fluctuation properties.

Capacitive dilatometry

Thermal expansion measurements were performed using a homemade
capacitive dilatometer with a maximum resolution of AL/L > 10~ based on
the model of ref. 94. The quantity of the relative length change AL(T)/L;,
with i = a, b, ¢, were determined by AL,(T) = L{T) — L(To) and the starting
temperature T, of the experiment.

Dielectric spectroscopy

For the dielectric measurements, gold contacts were thermally evaporated
on opposite sides of the plate-like crystals, leading to an electrical-field
direction perpendicular to the conducting BETS layers. At frequencies v < 2
MHz, the dielectric constant ¢/, the dielectric loss €', and the real part of the
conductivity ¢’ were measured using a frequency-response analyzer
(Novocontrol Alpha Analyzer). At higher frequencies, a coaxial reflection
technique was used” employing a Keysight E4991B impedance analyzer.
Temperature-dependent measurements down to~5 K were performed
using a ‘He-bath cryostat (Cryovac). We note that permanent polarization
measurements are impractibale due to the large residual conductivity of the
samples. Only for resistances above ~ 100 MQ electrical breakdowns and
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trivial conductivity contributions to the polarization are avoided and suf-
ficiently high electric fields can be built up to enable such measurements.

Data availability

All data are available in the main text or the supplementary materials.
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