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Formation of nanoscale polarized clusters as precursors of electronic ferroelectricity probed by
conductance noise spectroscopy
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We investigate the low-frequency charge-carrier dynamics of a molecular dimer-Mott insulator β ′-(BEDT-
TTF)2ICl2, where the freezing of charge fluctuations on the dimers gives rise to electronic ferroelectricity. We
show that conductance fluctuation (noise) spectroscopy allows one to probe changes in the dielectric properties
at elevated temperatures, where samples are even still in the conductive regime. Our results explain the formation
of electric polarization states leading to glassy and relaxor-type ferroelectric behavior that is frequently observed
in these systems. The onset of distinct two-level fluctuations and changes of the underlying 1/ f -type noise
indicate the formation of nanoscale polar regions, the dynamics of which depends on the applied electric fields.
Conductance noise spectroscopy therefore is a suitable tool for investigating the onset of electric-polarization
dynamics in molecular and other, inorganic charge-driven ferroelectrics.
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The notion of a novel type of ferroelectricity, where
the polar state is controlled by the electronic degrees of
freedom (of charge, spin, and orbital nature) instead of
the shifts of atomic positions as in conventional displacive
ferroelectrics, recently has become the subject of inten-
sive research efforts including the search for new materials
[1–6]. Particularly promising candidates for such electronic
ferroelectricity are members of the family of molecular dimer-
Mott insulators (BEDT-TTF)2X [7] based on the organic
donor molecule BEDT-TTF (abbreviated as ET)—denoting
bis-(ethylenedithio)tetrathiafulvalene, C6S8[(CH2)2]2—and a
charge-compensating monovalent anion X, where the ferro-
electric properties are caused by charge disproportionation
in a modulated or bond-alternated dimerized lattice [8–12].
The centrosymmetric dimer-Mott state consists of one π -hole
carrying spin 1/2 whose center of gravity is localized in the
center of the molecular dimer unit (ET)2 (charge-centered/-
averaged phase). If the charge, however, becomes shifted
towards one of the molecules within the dimer (charge-
ordered phase), this disproportionation of the charges is the
origin of a quantum electric dipole [9,13–16]. The much
lighter mass of electrons in charge-driven as opposed to ions
in displacive-type ferroelectrics not only may allow consider-
ably faster switching processes, but also causes large temporal
and spatial dielectric fluctuations which may play a crucial
role in the dielectric and optical properties and the ferroelec-
tric phase transition [17].

In this work, we apply current noise spectroscopy aiming to
probe the effects of collective fluctuations also at temperatures
far above the Curie-Weiss temperature and the onset of elec-
tric polarization, where the samples often are too conductive
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for performing dielectric spectroscopy (see [18]). We aim
to provide evidence for an important consequence of large
dielectric fluctuations, namely, the formation of polar nanore-
gions (PNRs) and electronic (e.g., paraelectric-ferroelectric)
phase separation [17], which may help to explain the up-to-
now puzzling occurrence of either long-range ferroelectric
order or relaxor-type ferroelectricity [9,10,19]. In general,
albeit a macroscopic probe, noise measurements are suitable
to infer microscopic information enabling us to estimate the
size of emergent clusters, thus gaining information not only
on the ground state, but also on the fluctuations to the excited
state, as well as the time and length scales at which the fluctua-
tions occur. This is of fundamental importance for nonuniform
electronic or magnetic states in condensed-matter systems.

For the present study, we have chosen β ′-(ET)2ICl2 (in
short, β ′-ICl2), a strong dimer-Mott insulator (Fig. 1), where
electric-field-induced charge disproportionation is demon-
strated in charge-sensitive Raman scattering [20]. We consider
β ′-ICl2 a model system for studying the underlying charge
fluctuations on the dimers in a square lattice arrangement
[see Fig. 2(f) and the Supplemental Material [18]], where—in
contrast to spin-liquid-like properties in some triangular-
lattice systems—both the ground state and the excited states
are expected to be simpler. We aim to elucidate the emergence
of the charge fluctuations and their freezing in a material with
metastable dipolar states, where the ground state is a Mott
insulator, and address yet unanswered questions of the ap-
pearance and stabilization of polar clusters/domains and their
response to electric fields. The system shows relaxorlike fer-
roelectric behavior with a strongly frequency-dependent peak
of the dielectric constant developing below T ∼ 125 K and
a Curie-Weiss temperature of TC = 67 K [21]. Below about
60 K, pyrocurrent measurements reveal the onset of electric-
field-induced macroscopic polarization [21]. The P-E curves
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FIG. 1. Conductance of β ′-ICl2 vs temperature. (Dashed lines
are guides to the eye indicating a crossover to more insulating behav-
ior at about 130–140 K.) In the areas labeled I and III the normalized
current noise PSD is 1/ f -like and independent of the applied electric
field (left inset; green lines are fits to SI/I2 ∝ 1/ f α; for T = 180 K,
two sample currents I = 1.68 and 1.95 μA are shown, and for
T = 105 K four currents I = 0.189, 0.281, 0.326, and 0.371 μA).
In the gray-shaded temperature regime II (110 K � T � 140 K),
a single Lorentzian is superimposed on the 1/ f -type “backgound”
noise and SI/I2( f ) depends on the external electric field. Right insets
show representative spectra for regime II. Lines are fits to Eq. (1),
where α has been set to a value of 1.

showing a small value of only a few percent of the fully polar-
ized moment and relaxation effects in Raman spectroscopy
[20] suggest a dipole-glass state at low temperatures. We
apply conductance fluctuation (noise) spectroscopy, which has
proven a sensitive tool to study glassy structural and charge-
carrier dynamics in (ET)2X systems [22–25], and is capable of
detecting fluctuating entities on the nano-/mesoscopic scale
[26,27].

We have measured in total four single crystals of
β ′-(ET)2ICl2 showing qualitatively similar results. The data
shown here are obtained on a sample with dimensions
(0.1 × 0.23 × 1.92) mm3 along the a, b, and c directions.
Conductance measurements have been performed along the
crystallographic c axis.

Figure 1 shows the dc conductance G = V/I vs tempera-
ture T of β ′-ICl2, where V is the voltage applied across the
sample and I the measured electric current flow. [For refer-
ence: the conductivity at T = 285 K amounts to σ = 9.4 ×
10−3 (� cm)−1.] The log G vs log T representation indicates
a crossover to more insulating behavior (stronger decrease of
the conductance) below about 130–140 K (see dashed lines
in Fig. 1). An analysis of G(T ) in terms of different transport
models is given in the Supplemental Material [18]. At dis-
crete temperatures, the current noise power spectral density
(PSD) SI ( f , T ) [28] has been recorded for various excita-
tion voltages V , which allows one to identify three different
temperature regimes as follows. The normalized noise spec-
tra are of generic 1/ f α type and independent of the applied

electric field E = V/l (with l being the distance between the
electric contacts along the sample’s c axis), i.e., the expected
scaling SI ∝ I2 is obeyed [29], for temperatures T � 140 K
(regime I) and T � 110 K (regime III). Representative noise
spectra in these regimes are shown in the left inset of Fig. 1.
In between, for 110 K � T � 140 K (regime II), we find a
single Lorentzian spectrum—characteristic for a fluctuating
two-level system—superimposed on the “background”:

SI ( f , T )

I2
= a

f α
+ b

f 2 + f 2
c

, (1)

where a(T ) and b(T ) are the amplitudes of the 1/ f -type and
Lorentzian noise contributions, respectively. α(T ) denotes the
frequency exponent of the 1/ f noise, and fc(T ) the corner
frequency of the two-level fluctuator. Note that in our fre-
quency window of 100 mHz–1 kHz, b(T ) �= 0 only in regime
II. Strikingly, for these temperatures the observed normalized
noise spectra depend on E , i.e., the SI ∝ I2 scaling is not valid
in regime II. fc is related to the characteristic energy of the
fluctuator and for thermally activated states of a double-well
potential one has

fc = f0 exp

(
− Ea

kBT

)
(2)

with an activation energy Ea, an attempt frequency f0, and
Boltzmann’s constant kB [30].

The anomalous current dependence of the noise spectra in
regime II is shown exemplarily in the right inset of Fig. 1,
where the excellent quality of the fits to Eq. (1) is demon-
strated. Clearly, fc and hence the characteristic energy of the
fluctuation process, shift with I , i.e., depend on the electric
field E : at T = 130 K, fc increases from 42 Hz for a sample
current of I = 1.7 μA to fc = 93 Hz for I = 6.1 μA (blue
arrows).

This intriguing and unexpected current/electric field de-
pendence of the noise spectra in the temperature regime II
is illustrated in more detail for a representative temperature
of T = 116.5 K in Fig. 2(a). Solid lines are fits to Eq. (1),
whereat in the representation f × SI/I2 vs f , the 1/ f term
is a constant (for α = 1) and the Lorentzian term peaks at
fc (see the respective dotted and dashed curves representing
these contributions for two selected currents). One main result
of this study, displayed in Fig. 2(b), is a threshold behavior
of the corner frequency fc, which stays roughly constant for
small values of the electric field E (orange arrow) until it
increases exponentially above a threshold field Eth (red arrow).
Thus, a distinct low-E and high-E behavior is observed. Phe-
nomenologically, we describe the characteristic frequency of
the two-level fluctuations by Eq. (2) for E � Eth and by an
additional term (see also [26]) resulting in

fc = f0 exp

(
p(E − Eth) − Ea

kBT

)
for E � Eth. (3)

We note that for all applied electric fields shown here, the
I-V characteristics [Fig. 2(c)] remain linear, which excludes a
trivial heating effect to account for the shift of fc. Considering
first the roughly constant subthreshold value f 0

c ≡ fc(E → 0),
we find an excellent fit to an Arrhenius behavior, Eq. (2),
yielding Ea/kB = (2790 ± 70) K [see Fig. 2(d)]. This energy

100103-2



FORMATION OF NANOSCALE POLARIZED CLUSTERS AS … PHYSICAL REVIEW B 102, 100103(R) (2020)

FIG. 2. (a) Representative noise spectra as f × SI/I2 vs f in temperature regime II at fixed T = 116.5 K and different sample currents as
indicated. Smooth solid lines are fits to Eq. (1). For two selected currents, the 1/ f and Lorentzian contributions are shown (dotted and dashed
lines, respectively). (b) Electric field dependence of the corner frequency fc. Lines are guides for the eyes indicating the threshold field Eth and
the zero-field value f 0

c ≡ fc(E → 0). (c) demonstrates the linear I-V regime. (d) Arrhenius plot of f 0
c vs 1/T revealing an activation energy

Ea = 2790 K. (e) Cluster size calculated from p estimated from Eq. (3) (see text). (f) Arrangement of the ET dimers in the conducting planes
and orientation of the electric dipoles. (g) Schematics of the suggested zero-field/electric-field-induced dielectric/ferroelectric fluctuations
(see text for details).

is very close to the intradimer transfer integral and optical
charge gap of ∼2900 K [31–33], which indicates that the
observed switching processes in temperature regime II are
of electronic origin. We suggest that the competing inter-
and intradimer Coulomb interactions [14,15] cause coherent
fluctuations of electrons within a cluster of dimers (i.e., the
gravity center of the hole), switching between the unpolarized
dimer-Mott state and a charge disproportionated state [see
scheme [Ea] in Fig. 2(g)]. This is in marked contrast to a
recent suggestion [34] that the dipolar moments on the dimers
are caused by the freezing of the ET molecules’ terminal
ethylene groups in particular configurations, thereby breaking
the local inversion symmetry.

We next analyze the above-threshold behavior following
Eq. (3). The constant slope p, that can be determined from a
linear fit to the data in Fig. 2(b), indicates a discrete value of
a fluctuating dipole moment that corresponds to a cluster of a
certain size. At T = 116.5 K we find p = 1.73 × 10−23 C cm
and a threshold field of Eth ∼ 92 V/cm. With the dipole
moment pd = 0.13ed parallel to the b axis estimated in [21]
[e and d = 3.6 Å are the electron charge and distance between
the ET molecules in a dimer, respectively; see Fig. 2(f)], we
find that the total number N of elementary dipoles within the
cluster—taking into account the projection onto the measured
c axis—amounts to N = p/pc axis

d ≈ 9 × 104 dimers. Assum-
ing a spherical object, this corresponds to a fluctuating cluster
volume with radius rcluster ≈ 26 nm. Thus, the observed low-
frequency dynamics below ∼140 K is caused by the formation
of fluctuating PNRs, which above a threshold field Eth undergo
switching between two states of polarization +p and −p [see
scheme [pE] in Fig. 2(g)]. This dipole-dimer picture has the
two polar states (+p and −p) and one nonpolar state (n)
whose energies and corresponding lifetimes become modified

in a finite electric field E > Eth. A simple estimate [35] shows
that fc does not change due to the lifetime of the nonpolar
dimer-Mott state but rather always increases due to a second-
order effect related to the lifetimes τ+p and τ−p. This can be
viewed as a transition between the +p and −p states and
determines the origin of the threshold field Eth. Figure 2(e)
shows the estimates of the cluster size for other temperatures
revealing a roughly constant or slightly increasing size of the
PNR with decreasing temperature.

To complete our picture of the charge-carrier dynamics
coupled to the dielectric behavior in β ′-ICl2 probed by current
noise, we next discuss the 1/ f α “background” fluctuations.
Figure 3 shows the normalized noise magnitude SI/I2( f =
1 Hz, T ) = a(T )/ f α ≡ a(T ) (main panel) and the frequency
exponent α(T ) (inset) resulting from fits of the spectra at
different temperatures to Eq. (1). Note that also for regime II,
where Lorentzian spectra are superimposed on the 1/ f -type
fluctuations, only the latter are shown here. However, at these
temperatures, also the 1/ f noise exhibits a distinct asymptotic
low-E and high-E behavior, shown in Fig. 3 as blue and red
symbols, respectively.

At high temperatures (regime I) the 1/ f -noise magnitude
in the Mott insulating state, where the charge is averaged
over the dimer, smoothly increases and the charge transport
may be understood in terms of variable range hopping [18].
The frequency exponent α(T � 140 K) ≈ 0.8, i.e., there is
considerably more spectral weight at higher than at lower
frequencies. As discussed above, at about 140 K, upon en-
tering regime II, fluctuating PNRs are formed with one such
fluctuator being enhanced in our “noise window,” i.e., it
strongly couples to the conductance fluctuations, which be-
come a sensitive probe to changes in the dielectric properties.
The fluctuating electrical polarization potentials of the PNRs
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FIG. 3. Normalized current noise PSD SI/I2 of β ′-ICl2 taken
at 1 Hz vs T . Shown is only the term a(T ) in Eq. (1). The inset
shows the frequency exponent α(T ). Blue and red symbols denote
the asymptotic low- and high-electric-field behavior, respectively, in
regime II.

act on the transport channel as small capacitor gates that
locally modulate the conductance of the underlying resistor
network [36,37]. The superposition of many fluctuating PNRs
then constitutes part of the 1/ f -type background. We now
first discuss the behavior at low electric fields (blue sym-
bols): the local maximum of the 1/ f α-noise magnitude a(T )
at T ≈ 125 K reveals the “resonance” of the independently
fluctuating PNR (at f = 1 Hz). This picture of an enhanced
localization of charge carriers and increasingly slow dynamics
due to the formation of dimer units that fluctuate coherently as
extended clusters is corroborated by the rather abrupt increase
of the frequency exponent α(T ) from almost constant values
of α(T ) ≈ 0.8 in temperature regime I to values of α � 1 be-
low about 140 K (see inset of Fig. 3). This behavior implies a
substantial shift of the current fluctuations’ spectral weight to
low frequencies below this temperature, which may indicate
some clusters merging and possibly switching cooperatively.

The red data points in Fig. 3 represent the high-E values.
As shown in Fig. 2(a), the 1/ f -noise magnitude decreases
with increasing electric field, with a tendency for saturation
at E ∼ 300 V/cm (not shown), with α approaching values of
1. This can be understood by the stabilization of an increasing
number and/or size of PNRs that increases the total volume
of slow fluctuators, thereby reducing the 1/ f -type noise in
regime II which may be viewed as the superposition of many
independently fluctuating clusters with a broad energy dis-
tribution [30]. This behavior goes along with a suppression,
broadening, and shift of the local maximum of the 1/ f noise
to higher temperatures corresponding to a positive shift of the
characteristic “resonance” frequency (energy) in agreement
with the observations for a single fluctuator discussed above.
Upon further decreasing the temperature, in regime III the

slow dynamics of the now stabilized PNR undergoing fer-
roelectric fluctuations dominates the 1/ f noise, which below
about 110 K shows a drastic increase. This corresponds to a
change of the electronic transport mechanism, which can be
inferred from the scaling behavior SI/I2 vs G (see [18]).

In our picture regime II (110 K � T � 140 K) marks the
transformation to the ergodic relaxor state, in which polar
regions on nanometer scale with randomly distributed di-
rections of dipole moments, the PNR, appear. (In relaxor
ferroelectrics, this temperature can be twice as high as their
freezing temperature giving rise to the peak in permittivity
[38].) This corresponds to the transformation from conduc-
tive to dielectric behavior, which is in agreement with the
experimental observation that the dielectric response begins
to appear in regime II [21], being accompanied by a slowing
down of the charge fluctuations seen in the conductance noise.
In β ′-(ET)2ICl2, the (low-frequency) noise due to switching
of PNRs (in regime II) and the low-frequency dispersion of
the dielectric response (in regime I) may have the same origin.

We note that our observation is in accordance with re-
cent studies of Raman scattering [20], where at temperatures
of 15 K and below, i.e., far below the ferroelectric Curie-
Weiss temperature, additional Raman peaks are induced by an
electric field E = 5 kV/cm demonstrating intradimer charge
disproportionation and indicating a “discrete” polarization of
macroscopic domains, where the total E-induced polarization
observed at low temperatures amounts to only a few percent of
the total sample volume [39], suggesting a glassy polarization
[20,21].

In conclusion, our findings demonstrate that conductance
noise spectroscopy provides a sensitive tool for probing the
formation of PNRs or fluctuating mesoscopic domains and
their coupling to electric fields for studying the physics of ma-
terials giving rise to electronic ferroelectricity. We suggest to
perform similar studies for other relaxor- or long-range-type
ferroelectrics at temperatures above the application regime of
dielectric spectroscopy. Indeed, first results on the multiferroic
system κ-(ET)2Cu[N(CN)2]Cl [10,19] of a sample exhibit-
ing relaxor ferroelectricity [40] show a very similar behavior
[18], suggesting that electric-field-induced stabilization of
fluctuating PNRs may be a common feature of electronic
ferroelectricity in molecular and possibly also inorganic
materials.
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