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Nonlinear conducting states in a strongly correlated organic electronic system a-(BEDT-TTF),I;
[BEDT-TTF = bis(ethylenedithio)-tetrathiafulvalene] are studied by Raman spectroscopy. Wide-range
Raman spectra of nonlinear conducing states provide direct information about conducting properties
through the electronic Raman process. A comparison between the behaviors of the electronic modes of
BEDT-TTF layers and the vibrational mode of I; molecules reveals the formation of nonequilibrium states
in which only the electronic parts show the change of states. We obtained a spatial map of the conducting
regions of the nonlinear conducting states by utilizing the electronic Raman intensity as a measure of the
highly conducting states. A spatially inhomogeneous formation of nonlinear conducting states was
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observed.
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Phase control by an external field or stimulus in strongly
correlated electron materials such as organic conductors
and 3d transition metal materials is one of the challenging
issues in solid-state physics [1-3]. To achieve phase con-
trol, the field-induced phase needs to be clearly under-
stood. The elucidation of these electronic states and the
formation mechanism for these external-field-induced
phases is a first step toward field-induced phase control.
Nonlinear conducting behaviors, defined as field-induced
changes of resistivity, are intriguing phenomena, which
are often observed in strongly correlated inorganic and
organic electron systems such as Sr,CuO; [4], 6-type
bis(ethylenedithio)-tetrathiafulvalene (BEDT-TTF) salts
[5,6], potassium-tetracyanoquinodimethane [7,8], and
one-dimensional halogen-bridged nickel compounds [9].
However, the electronic state and the mechanisms of domain
formation in nonlinear conducting states are controversial.

Among strongly correlated organic materials [3],
a-(BEDT-TTF),]; is one of the most thoroughly investi-
gated compounds. It has been recently discussed from the
viewpoints of Dirac electrons [10,11] as well as its unique
phase-transition and dielectric properties [12—15].
a-(BEDT-TTF),1; undergoes a metal-insulator transition
atT, = 135 K [16]. Below T, charge-rich (valence 0.73 to
0.82) and charge-poor (valence 0.26 to 0.29) sites are
arranged alternately along the molecular stacking axis (a
axis). Along the b axis, charge-rich and charge-poor mole-
cules are aligned separately [17], leading to striped-pattern
charge ordering (CO) [17,18]. The application of an elec-
tric field breaks the insulating states, thus lowering the
resistivity [14]. Considering that the insulating mechanism
is due to the electron correlation effects, we can expect that
the origin of the electric-field-induced change is also elec-
tronic. However, the detailed electronic states in nonlinear
conducting states are unclear.
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In this Letter, we describe the nonlinear conducting
states in a-(BEDT-TTF),1; that are revealed by electronic
Raman scattering. First, we discuss the electronic Raman
spectra of a-(BEDT-TTF),I; recorded in the absence of an
external field. The electronic Raman spectra reveal not
only the conducting properties but also the coupling
between the electronic and lattice excitations. Then, we
discuss the field-induced change in the Raman spectra. The
electronic states in the BEDT-TTF layers under an electric
field are highly similar to those in the metallic phase, while
the state of an insulating I5 layer is different from that in
the metallic phase. This is a strong indication of the fact
that the observed nonlinear conducting state is a nonequi-
librium state resulting from the breakdown of the insulat-
ing mechanism, namely, charge ordering. Moreover, we
could identify the spatial features in the formation of the
nonlinear conducting states from mapping measurements
of the microscopic electronic Raman spectra. In this way,
we clarified the electronic states and formation mechanism
of nonlinear conducting states in a-(BEDT-TTF),I;.

We synthesized a-(BEDT-TTF),lI; crystals by the elec-
trochemical method [19]. The absorption spectrum was
measured for a thin crystal having 2.8 um thickness.
Raman and electrical conductivity measurements were
performed using samples that were typically 10 pm thick.
In the Raman measurements, a He-Ne excitation laser with
a wavelength of 632.8 nm was mainly used. The sensitivity
of the optical system was corrected using a standard light
source. In the nonlinear conduction experiments, carbon
paste was used for the electrodes.

Figure 1(a) shows an absorption spectrum at 73 K
with polarization along the a axis. The spectrum has a
broad structure around 2000 cm™' and a dip around
1500 cm™!. The broad structure was assigned to the charge
transfer transition along the stacking column [20-23].
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FIG. 1 (color online). Absorption (a) and Raman scattering
spectra [(b) and (¢)] of a-(BEDT-TTF),l; crystal measured at
73 K. In the representation of configurations such as c(ba)c, the
first and fourth characters indicate the traveling directions of the
incident and scattered light, respectively. The second and third
characters are the polarizations of the incident and scattered
light, respectively.

Figures 1(b) and 1(c) show the Raman spectra of the
configurations c(ba)¢ and c(bb)c. Because the Raman
spectra measured with two different excitation wave-
lengths are similar, we can judge that broad background
structure as well as the sharp peaks are Raman signals. A
dip around 1500 cm ™! is also common in the absorption
and Raman spectra, and it has a half-width of about
200 cm™'. The depth of the dip in c(ba)é is larger than
that in c(bb)¢, but the vibrational peak at 1476 cm ™! [24]
is larger for c(bb)c. Notably, the broad structure in c(ba)c
resembles that in the absorption spectrum. Therefore, it is
attributed to the charge transfer transition, similar to the
assignment of the absorption spectrum [21].

The absorption process is a one-photon transition from
the ground state to excited states. However, in the Raman
process, two photons, i.e., two optical transitions, are
involved, where one photon is related to the excitation to
the intermediate state and the other photon is emitted as a
Raman signal [25]. Generally, processes involving two
optical transitions, such as Raman scattering, have access
to excited states with different symmetries than those
accessible by absorption processes. Therefore, Raman
spectra do not always correspond to absorption spectra.
Nonetheless, the observed absorption spectra and Raman
spectra were similar. This might indicate that the density of
states of the excited states reached by two sequential
optical transitions is similar to that of the one-photon
excited states. The similarity between Raman spectra and
one-photon excitation spectra was discussed for cuprates,
for which the coherence of ordered states is an important
factor [26,27].

The temperature dependence of the Raman spectra
between 10 and 170 K in c(ba)c is shown in Fig. 2(a).
With increasing temperature, the vibrational structure
became blurred and the electronic Raman signals became
broadened. In order to highlight the effect of the tempera-
ture change, we analyzed the spectral shape using a sim-
plified model. Almost all sharp peaks were symmetric,
while three structures, located at 880, 1180, and
1500 cm ™!, showed characteristic spectral shapes due to
significant coupling with the electronic systems. The first
two structures had an asymmetric spectral shape at 73 K, as
shown in Fig. 1(b). The third structure is a large dip, as
mentioned above. The spectral shapes of these three struc-
tures are all typical Fano-type structures. In our case, some
sharp vibrational modes couple to the broad charge exci-
tation, causing quantum-mechanical interference.
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FIG. 2 (color online). (a) Temperature dependence of Raman
spectra of a-(BEDT-TTF),I; with an excitation wavelength of
633 nm (dots: experimental, solid line: fitting calculation, dotted
lines: the component of electronic excitation in the fitting
calculation.). (b) Coupling constant §; between electronic exci-
tation and vibrational modes. (c) Damping factor of the ith
vibrational modes. (d) Possible configurations of the symmetries
of electronic excitation and vibrational modes in the BEDT-TTF
layer for c(ba)c and ¢(bb)c polarization configurations. Ellipses
indicate BEDT-TTF molecules. The symbols in the circles and
the ellipses indicate the phase of electronic excitation and
vibration. I; molecules are omitted.
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We adopted the Fano analysis procedure, which was
applied to high-temperature superconductors by Chen
et al. [28] We modified the model to fit our case by
assuming an electronic excitation consisting of one asym-
metric Lorentzian and three vibrational modes and used the
following formula:

1

3
I(0) = Aln(w) + ”Tg{)“m(w) i Zm

i=1

2
X I:% + 2xm(w)e;Z; — le(w)zs%]}’
l

Where Fvi = Fpi + S?le(a))’ wy; = wpi + S%XRe(a))a
Z; = S{(T,i/T,) + Sixre(w), and &; = (0 — w,))/T,.
I(w) is the Raman intensity at frequency w, and n(w) is
the Bose distribution function. T, and T; are the Raman
matrix elements of the transition from the ground state to
the electronic excited and ith vibrational states, respec-
tively. The real and imaginary parts of the response func-
tion of the electronic parts y,(w) are yge(w) and yp,(w):
Xe(@) = = xge(®) + ixim(w). I'); is the damping factor
of the ith vibrational mode, and S; is the coupling constant
between the electronic excitation and the ith vibrational
mode. In the fitting procedure, we assumed that the elec-
tronic excitation was represented by the following
modified Lorentzian [29]: y,.(w)= (02— 0’ —iowl,)"!,
I,(w, T) = [(ew)?* + (BT)*]"/2. Here, w, and T', are the
characteristic frequency and damping frequency of the
electronic excitation, respectively, & and 8 are the width
parameter and the asymmetric parameter, respectively, and
T is the temperature.

The fitting results reproduce the overall spectral shape
and the asymmetric Fano spectral shape as shown in
Fig. 2(a). The obtained parameters S; and I',,; are shown
in Figs. 2(b) and 2(c), respectively. The coupling constants
S; decrease gradually with increasing temperature. This
indicates that the charge or valence fluctuates even below
T.. The partial collapse of the charge ordering and the
mobile nature of the electrons reduce the coupling between
the electronic and vibrational excitations. The fluctuation
below T, is consistent with previous observations using
terahertz spectroscopy [30]. The damping factors I',; sud-
denly increase at a temperature slightly below T, possibly
due to valence dispersion above T, resulting from compe-
tition between various phases [31,32].

The Fano-like features of the 880, 1180, and 1500 ¢cm ™!
vibrational structures were more clearly observed in
c(ba)c than in c(bb)c. This can be explained by assigning
the origin of these structures not to the molecular a, mode,
but to b, or by, modes. A schematic explanation of the
activation mechanism of the molecular Raman-inactive
modes in crystal is shown in Fig. 2(d) [33]. In c(ba)c,
the electronic excitation in the first quadrant (upper-right
area of the unit cell) and the third quadrant have the same
symmetry between the ground state and the excited state.

The second (upper left) and fourth quadrants have the
opposite symmetry. As for the molecular vibration, the
b, modes are represented by positive and negative signs
within ellipses in Fig. 2(d). When the symmetry of the
excitation and the vibration match, interference can occur.
Figure 2(d) shows that the electronic excitation can be
connected with the molecular b, excitation in c(ba)c.
We assign the 880, 1180, and 1500 cm™! structures to
the b,,v31, b1, V39, and by, Vo7 modes of BEDT-TTF mole-
cules, respectively, [34].

The current-induced change in the Raman spectra in
c(bb)¢ measured at 73 K is shown in Fig. 3(a). With
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FIG. 3 (color online). (a) Current dependence of the Raman
spectra. Dots represent the experimental results, and solid lines
show the fitting calculation. Dotted lines show the component of
electronic excitation in the fitting calculations. (b) Current
dependence of the a,v3 mode. Filled triangles: CO mode,
open triangles: metallic. (c) Current dependence of the electric
field (filled circles) and integrated intensity (open squares with
an added visual guide) of the a,v; modes. (d) Current depen-
dence of the coupling constant S (filled) and damping factor of
the vibrational mode Fp (open). (e) Current dependence of the
Raman peak wavenumber (solid). The ratio of the CO compo-
nent is also shown (open). (f) Current and temperature depen-
dence of the ¢(bb)c Raman spectra. Current dependence was
measured at 71 K. All the Raman spectra shown in this figure
were measured with an excitation of 633 nm.
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increasing current density, the integrated intensity of the
Raman spectra increases drastically and the a,v; mode
around 1480 cm™! shows a conspicuous spectral change,
as shown in Fig. 3(b). It has been established that the a,v3
mode can be used as a measure of the electronic states [24].
In our case, the 1476 cm™! mode [filled inverted triangles
in Fig. 3(b)] indicates the CO states, while the 1471 cm™!
mode (open inverted triangle) indicates the metallic states.
Figure 3(b) shows that the metallic state is formed above
3.6 A/cm? and that the CO and metallic states coexist.

The conduction characteristics of this sample are shown
in Fig. 3(c). Above 2.0 A/cm?, the electric field between
the electrodes drops, corresponding to negative differential
resistance (NDR). In the NDR region, the integrated inten-
sity of the Raman signal increases. The dip structure
centered around 1500 cm™! can be reproduced by a similar
Fano analysis of the c(ba)¢ spectra, as shown in Fig. 3(a).
The obtained parameters are shown in Fig. 3(d). With
increasing current density, the coupling constant S between
the electronic components and the a,v; mode decreases
and the damping factor I, of the a,v; mode increases.
Thus, current injection leads to a decrease in the coupling
between the vibrational modes and electronic excitations
due to the enhancement of the mobile nature of electrons.
The results of a Lorentzian analysis of the a,v3; modes are
plotted in Fig. 3(e). Above 3.6 A/cm?, the 1471 cm™!
metallic peak can be discerned. The CO mode and the
metallic mode show only a slight shift. However, the
weight of the CO mode continuously decreases above
3.6 A/cm? and almost disappears at around 7 A/cm?.
Thus, the transition from CO to the metallic states develops
continuously in the NDR regions.

Figure 3(f) shows the current and temperature depen-
dence of the c(bb)c Raman spectra. A notable difference
was observed between the two dependences below
290 cm™!. The 232-cm™! mode is assigned to the two-
vibrational mode of I3 stretching (I3 a,,) [35], which do
not play significant roles for the electronic states. As the
temperature increases, this mode is significantly enhanced,
but it is not enhanced when the current density is increased.
Namely, the lattice state of the current-induced state does
not correspond to the high temperature state, although the
other Raman peaks, such as the BEDT-TTF mode around
400 cm™! in the conducting layer, have current depen-
dences that are similar to their temperature dependences.
Specifically, considering that the behaviors of Raman sig-
nals of the insulating (I3) and the conducting (BEDT-TTF)
layers are different, the revealed state can be regarded as a
nonequilibrium state in which only the electronic state
becomes metallic and similar to the high-temperature phase,
and the lattice state remains in the low-temperature phase.

Thus, the electronic Raman intensity is a good measure
of conduction characteristics. We performed mapping
measurements of c¢(bb)¢ Raman spectra, integrating

the Raman intensity between 1220 and 1700 cm™!.
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FIG. 4 (color online). (a) Experimental configuration for the
mapping measurements. Dotted line indicates the measured area.
Map of Raman intensity (73 K) integrated between 1220 and
1700 cm™" measured at two current densities, (b) 1.05 and
(c) 1.84 A/cm?. See also the Supplemental Material [36].

The configuration of the electrodes and sample is shown
in Fig. 4(a). The results of the mapping measurements at
two current densities in the NDR region for this sample are
shown in Figs. 4(b) and 4(c). At a lower current density, the
integrated intensity increases only in certain locations, and
this higher Raman intensity indicates the conducting areas.
At higher current density, the higher intensity region
expands, and the two electrodes are connected by a con-
ducting region on the crystal surface. Even in the high-
current condition, there are areas in which the Raman
intensity shows little change. Thus, we conclude that the
nonlinear conducting current path in a-(BEDT-TTF),l; is
neither spatially homogeneous nor filamentary, but has a
domain structure that is 2030 xm wide. Considering that
such domain structures are macroscopic, a cooperative
mechanism induced by the injected current might work.

In summary, nonlinear conducting states in
a-(BEDT-TTF),I; were studied by the electronic Raman
method. The electronic Raman spectra reflect the charge
excitation and can be characterized by the Fano interference
between the electronic excitation and lattice modes. The
Raman spectra of the nonlinear conducting states indicate
that the electronic parts are similar to the high-temperature
metallic phase. However, the vibrational modes of I3 mole-
cules indicate that the temperature of the crystals is not
significantly increased. Specifically, the nonlinear conduct-
ing states are achieved by the electronic change of the state
in the two-dimensional conducting layer consisting of
BEDT-TTF molecules. Moreover, using the intensity of
the electronic Raman signals as a probe of the conducting
properties, we clarified the spatial distribution of their highly
conducting states. The nonlinear conducting path is not
spatially homogenous, and conducting domains are formed
that are a few tens of microns in size.
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