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Optical measurements reveal the charge-ordered nature of the insulating state in the chiral molec-
ular conductors [(S,S/R,R)-DM-EDT-TTF],Cl04 (DM-Cl) and [(S,S/R,R)-DM-EDT-TTF]|2ReO4
(DM-Re). These enantiopure materials exhibit metallic conductivity at room temperature and a
metal-insulator transition upon cooling below Ty = 40 and 120 K, respectively. Optical con-
ductivity spectra display a polarization-independent in-plane response, attributed to the hexagonal
structure of the conducting DM-EDT-TTF layer, featuring broadband electronic excitations, molec-
ular vibrational modes, and a Drude component in the metallic phase. The gap opening at 150 and
250 cm ™! for DM-CI and DM-Re, respectively, signals the transition from a metallic to an insulating
state upon cooling. Drude-Lorentz-Fano analysis of the optical spectra yields Hubbard parameters,
the intersite Coulomb repulsion V' and the bandwidth W, supporting the presence of charge order in
the insulating phase. Raman spectra of DM-Cl and DM-Re, focusing on charge-sensitive molecular
vibrations, further confirm a charge-ordered insulating state with a charge disproportionation of
0.10e and 0.13e, respectively. Strong DM-EDT-TTF molecular modes, activated in optical spectra

through coupling with the electronic background, support the presence of lattice frustration.

I. INTRODUCTION

The study of low-dimensional conducting materials
continues to captivate solid state researchers due to
their rich and complex electronic behavior. Among
these, molecular conductors based on tetrathiafulva-
lene (TTF) derivatives stand out as key examples in
the broader field of materials science.  This inter-
est is underscored by extensive research on molecu-
lar systems built from TMTSF (tetramethyltetrasele-
nafulvalene), TMTTF (tetramethyltetrathiafulvalene),
and BEDT-TTF (bisethylenedithio-tetrathiafulvalene)
molecules. The materials exhibit a diverse array of
phenomena, including unconventional superconductivity
and various competing broken-symmetry states such as
charge density waves (CDW), spin density waves (SDW),
spin-Peierls (SP), charge ordering (CO), metal-insulator
transitions (MIT), and spin liquid (SL) states. Such be-
havior highlights the intricate interplay between charge,
spin, and lattice degrees of freedom, offering a rich plat-
form for exploring fundamental physical principles [1-5].

In condensed matter physics, the electronic phases
of low-dimensional molecular conductors can be finely
tuned using external stimuli such as temperature, pres-
sure, magnetic field, or light [4-8]. Recently, a novel
approach involving the controlled incorporation of chi-
rality into low-dimensional structures has emerged, cre-
ating multifunctional materials whose electronic and op-
tical properties can be further adjusted through chirality
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[9]. This synthetic strategy has led to the development
of chiral tetrathiafulvalene derivatives, including DM-
EDT-TTF (dimethyl-ethylenedithio-tetrathiafulvalene)
[10-12], DM-BEDT-TTF (dimethyl-bisethylenedithio-
tetrathiafulvalene) [13], and a series of conduct-
ing chiral single-component metal-dithiolene complexes
[14, 15]. Among these, the enantiopure [(S,S)-DM-
EDT-TTF]2ClO4 and [(R,R)-DM-EDT-TTF]2ClO,4 have
shown evidence of electrical magnetochiral anisotropy
(eMChA) [10], and, more recently, of the chiral-induced
spin selectivity (CISS) effect [16]. Despite significant syn-
thetic advances and a decade of intensive research, the
connection between physical properties and structural
characteristics in chiral molecular conductors remains in-
sufficiently understood. Some of the materials exhibit
metallic-like conductivity at higher temperatures, but as
the temperature decreases, they transit into insulating
phases or undergo charge localization [10-13]. Various
factors may contribute to the metal-insulator phase tran-
sition in low-dimensional molecular solids, and electronic
correlations can localize electrons into a Mott insulating
state through strong on-site Coulomb repulsion (U) or
into a charge-ordered state due to significant inter-site
Coulomb repulsion (V). To date, optical studies have
confirmed a Mott insulating state accompanied by charge
fluctuations in (rac-DM-EDT-TTF);PFg [17].

In the present study, we focus on the chi-
ral salts [(S,S)-DM-EDT-TTF|,ClOy4, [(R,R)-DM-EDT-
TTF|2ClOy4, [(S,S)-DM-EDT-TTF|3ReOy4, and [(R,R)-
DM-EDT-TTF]2ReOy, referred to as DM-Cl and DM-
Re depending on the anion. These quarter-filled mate-
rials possess metallic conductivity at room temperature
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and metal-insulator phase transition (MIT) at Ty =
40 K and 120 K, respectively [10, 16]. Both salts crys-
tallize in hexagonal space groups P6422 and P6422 for
the (S,S) and (R,R) enantiomers, respectively. At room
temperature, the bond lengths align with a mixed va-
lence state of +0.5e per donor molecule, consistent with
the 2:1 stoichiometry. Band-structure and Fermi sur-
face calculations based on the room-temperature crystal
structure predicted that the low-temperature insulating
behavior of DM-CI may be associated with charge- or
spin-density-wave (CDW/SDW) instabilities [10]. More
recent work on DM-Re, involving low-temperature band-
structure calculations and magnetic susceptibility mea-
surements, supports a charge-order (CO) scenario [16].
Interestingly, similar low-temperature calculations for
DM-CI do not predict CO, and the origin of this differ-
ence between the two compounds remains to be clarified
[16].

Here, we provide detailed insights into low-frequency
electronic excitations and charge-sensitive molecular vi-
brations through comprehensive infrared optical and Ra-
man spectroscopy investigations. Our findings reveal
vibrational signatures of charge ordering, quantify the
dominant electronic correlations, and highlight the role of
lattice frustration in electron-molecular vibration (emv)
interactions.

II. EXPERIMENTS AND METHODS

High quality single crystals of the enantiopure
salts  [(S,S)-DM-EDT-TTF]2Cl04, [(R,R)-DM-EDT-
TTF]>ClOy4, [(S,S)-DM-EDT-TTF]2ReOy4, and [(R,R)-
DM-EDT-TTF|3;ReO4 have been prepared by electro-
crystallization using the method described previously
[10, 16]. Since we do not utilize circular polarized radia-
tion and magnetism does not play a role in our optical
experiments, we do not observe chirality-dependent
effects. Thus, we consider all measured values to be
chirality-independent and use the simplified compound
names DM-Cl and DM-Re, regardless of the sam-
ple’s chirality.  Single-crystalline samples for optical
measurements were prepared as shiny platelets with
typical dimensions of 1 x 0.5 x 0.2 mm?, with their
best-developed ab crystal face oriented parallel to the
DM-EDT-TTF conducting layers. Variable-temperature
close-to-normal incidence reflectivity measurements were
conducted down to 10 K over a frequency range of 100 -
15000 cm ! using a Bruker Vertex 80v Fourier-transform
spectrometer, equipped with a microscope, helium cryo-
stat, and a range of detectors, including a bolometer for
the far-infrared range. Freshly evaporated gold mirrors
served as references. Preliminary measurements con-
firmed no polarization dependence within the conducting
plane, consistent with the specific twisted arrangement
of the hexagonal structure [10, 16]. Consequently, the
"in-plane" reflectivity was finally measured without the
use of a polarizer. The optical conductivity oq(w) was

derived from Kramers-Kronig analysis of the reflectance
data, with appropriate low-frequency extrapolations
applied for the metallic and insulating phases [18].
Raman spectra were collected from the best-developed
crystal face over the frequency range of 300 - 1700 cm ™"
using backscattering geometry.  Measurements were
conducted with two Raman spectrometers: a LABRAM
HRS800 with a 632.8 nm excitation laser and a Renishaw
inVia with a 785 nm excitation laser, both equipped
with microscopes and a helium cryostat. The spectral
resolution achieved was better than 2 cm™!. To prevent
overheating of the samples, the laser power was reduced
to approximately 0.2 mW. Raman intensity was con-
verted to Raman susceptibility using the Bose-Einstein
factor for accurate temperature dependent analysis.

III. MATERIALS

Figure 1(a) shows a characteristic hexagonal crystal
structure of DM-C] and DM-Re in the ab plane [10]. The
unit cell of these layered molecular materials is composed
of the conducting ab layers of DM-EDT-TTF donors and
insulating anion layers, spanning through three conduct-
ing layers. At room temperature, the metallic phase
contains six donor molecules per unit cell, with two per
conducting ab layer [10, 16]. These molecules interact
strongly, forming uniform stacks along the a-direction
which are coupled through half as weak interstack in-
teractions along the b-direction. As the temperature de-
creases below Tyr, the unit cell expands due to a symme-
try reduction, leading to a doubling of the lattice param-
eters along both a and b (space groups P6s or P64). The
low-temperature unit cell comprises twenty four donor
molecules, with eight per ab-layer [16].

Molecular arrangement of the conducting layer below
Twyr of both DM-C1 and DM-Re is characterized by the
presence of four different donor molecules labeled A, B,
C, D (Fig. 1(d)). This results in fourteen main inter-
actions, with four the strongest almost uniform along
the donor stacks (Fig. 1(d), 1(e), interactions I-IV) [16].
Weak dimerization resulting in AD and BC dimers, and
possible charge disproportionation is suggested by re-
cent band structure calculations [16]. Both DM-CI and
DM-Re undergo a metal-insulator phase transition as re-
vealed by the temperature dependence of the dc resistiv-
ity on cooling below Ty = 40 K and 120 K, respectively
(Fig. 1(c)) [16]. The most prominent vibrational features
of DM-EDT-TTF donor molecule are the C=C stretch-
ing modes, based on similar mode patterns of BEDT-
TTF in Dsj molecular symmetry labeled as vo, v3 and
vor (Fig. 1(b)) [11, 17]. These vibrational modes are ac-
tive both in Raman and optical conductivity spectra due
to the low symmetry of DM-EDT-TTF. Here the vo and
vo7 modes characterized by strong frequency dependence
on charge can be used for estimation of charge localized
on DM-EDT-TTF. On the other hand, the v3 mode is
sensitive to structure modification.
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Figure 1. The unit cell of the crystal structure of DM-CI and DM-Re spans three conducting layers. (a) The packing diagram
of DM-CI in the ab plane shows hexagonal symmetry (H atoms are omitted for clarity) [10, 16]. (b) Calculated C=C stretching
mode patterns of DM-EDT-TTF (dimethyl-ethylenedithio-tetrathiafulvalene) molecule, based on Ref. [11]. The v, and var
modes are sensitive to local charge and can be used to estimate charge disproportionation; v3 is sensitive to structural changes.
(c) Temperature dependence of the normalized dc resistivity of DM-Cl and DM-Re, indicating metal-insulator transitions at
Twmr = 40 K and 120 K, respectively. Data for DM-CI are from Ref. [10]; DM-Re data are unpublished (Ref. [16], courtesy
of co-authors). (d) Molecular arrangement within the conducting layers in the insulating phase, showing four crystallographi-
cally distinct donor molecules (A-D) coupled via fourteen dominant intermolecular pathways [16]. The stacking is quasi-one-
dimensional along the b-axis, with stronger in-stack I-IV interactions than those along the a-direction (not shown). Weak
dimerization (AD and BC) and charge order are suggested, with charge-rich molecules colored red/magenta and charge-poor
blue/green [16]. (e) Absolute values of the HOMO-HOMO transfer integrals Spomo—momo (in €V) for in-stack donor-donor
interactions (I-IV) in the 18 K structures of DM-Cl and DM-Re, based on Ref. [16].
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system transitions into the insulating phase. At 11 K,
the reflectance becomes flat at low frequencies, consis-
tent with the expected behavior of an insulator. Note

Frequency (cm™) Frequency (cm™)

that unpolarized spectra presented in this work include
contributions of the electronic response both in the stack
b and the interstack a directions within the crystal struc-
ture (Fig. 1(d)). While they cannot be easily separated,
we assume that the most of the optical response is related
with the stack b direction due to significantly stronger in-
teractions [16].

A key feature of the 300 K optical conductivity spec-
tra for both DM-Cl and DM-Re (Fig. 2(c), 2(d)) is a
broad mid-infrared band extending from 600 to 4000

Figure 2. Metal-insulator phase transition in DM-CI (a,c)
and DM-Re (b,d) as revealed by in-plane optical reflectivity
measurements at 300 K (metallic state) and 11 K (insulating
state). Panels (a) and (b) show the reflectance spectra, while
(c) and (d) present the corresponding optical conductivity
spectra. At 300 K, the spectra exhibit features characteristic
of an organic metal. Upon cooling, a gap opens in the far-
infrared range, accompanied by a redistribution of spectral
weight and the appearance of pronounced vibrational modes,
signaling the transition to an insulating state.



cm ™!, with a center at ~1500 cm ™! and a plasma fre-
quency w, ~ 4000 cm~!. This band exhibits a pro-
nounced depression at 1400 cm ™!, a characteristic fea-
ture commonly observed in BEDT-TTF salts [19]. The
dip arises from electron-molecular vibration (emwv) cou-
pling, specifically involving the double C=C stretching
v3 mode of the donor molecule interacting with the low-
energy electronic background within the dimerized struc-
ture [20]. Both DM-C1 and DM-Re display finite conduc-
tivity at zero frequency, consistent with their metallic na-
ture [21]. When the temperature decreases from 300 K
to 11 K, three significant modifications are observed in
the optical response: (1) a substantial redistribution of
the spectral weight (SW), (2) the opening of a gap at
the metal-insulator transition temperature, and (3) the
appearance of strong vibrational DM-EDT-TTF modes

in the frequency range below 1000 cm ™.

A. Optical spectra: Metal-insulator transition

Figure 3 presents the temperature-dependent evolution
of the in-plane optical conductivity for DM-CI (panels a,
b) and DM-Re (panels ¢, d) across their metal-insulator
transitions, which occur at Ty = 50 K and 100 K, re-
spectively. Both compounds exhibit qualitatively similar
behavior throughout the transition: a prominent mid-
infrared excitation progressively shifts to lower frequen-
cies as the temperature approaches Ty, below which an
insulating gap emerges. In the insulating phase, the con-
ductivity spectra are characterized primarily by a band
centered at ~600 cm~! and distinct vibrational modes
(Fig. 3(a), 3(c)). We estimate the insulating gap, Ay, by
linearly extrapolating the low-frequency edge of the op-
tical conductivity in the insulating phase, yielding Ay
values of approximately 150 cm™! for DM-CI and 250
cm~! for DM-Re. Notably, these gap values align well
with activation energies E, = 260 and 305 cm ™!, respec-
tively, as determined from transport measurements [16].

Modifications in the electrodynamic response at Ty
are clearly shown in the optical conductivity con-
tour plots (Fig. 3(b), 3(d)), which include values of

the spectral weight center, <w> = f1300000w01(w)dw /

130000001 (w)dw. Starting from room temperature in the

metallic state, the spectral weight center for both DM-C1
and DM-Re shifts linearly towards lower frequencies as
the temperature decreases to Tyr; specifically, <w> de-
creases from approximately 1510 cm ™! at 300 K to 1220
cm~! at 60 K for DM-CI, and from approximately 1590
ecm™! at 300 K to 1230 cm™! at 100 K for DM-Re. Upon
entering the insulating phase, <w>> initially shifts up-
ward with further temperature reduction, signaling the
onset of the gap opening at Ty, However, this upturn
is followed by a renewed downshift, with <w> reaching
approximately 1240 cm~! for DM-CI, and 1150 cm ™! for
DM-Re) at 11 K, indicating the complete development of
the insulating gap.

In correlated materials, the broadband electronic ex-

citation observed in optical conductivity spectra reveals
insights into the strength of Coulomb correlations. For
a half-filled Mott insulator, the Hubbard model predicts
an absorption band with the bandwidth 2W arising from
interband transitions between two Hubbard bands, each
characterized by the bandwidth W, separated in the
density of states (DOS) by the on-site Coulomb repul-
sion U (22, 23]. On the other hand, weakly dimerized
quarter-filled conductors characterized by significant in-
tersite Coulomb repulsion V', are described within the ex-
tended Hubbard model relevant for DM-Cl and DM-Re,
that yields a broadband peak centered at the frequency
related with both U and V' [24, 25]. In fact, recent op-
tical studies of charge-ordered ”-type BEDT-TTF salts
demonstrate that the optical response in these systems
can be understood in terms of the Mott-Hubbard band
centered at the effective value of U — V or V| depending
on the CO pattern [26, 27].

Within the Hubbard framework, we consider that the
electronic response of DM-Cl and DM-Re is character-
ized by the coherent quasiparticle Drude contribution
in the metallic phase, accompanied by a broad mid-
dle infrared peak that indicates excitations between the
Hubbard bands. Considering the shape and tempera-
ture dependence, we assume that its frequency at maxi-
mum w™* corresponds to the Coulomb repulsion value
V (26, 28]. The bandwidth W of this Mott-Hubbard
band is estimated as half-width at half-height from the
low-frequency side [25, 28]. The correlation strength is
calculated based on the ratio V/W. To extract these val-
ues we modeled the spectra with a Drude-Lorentz-Fano
approach, including a standard Drude term to represent
the coherent quasiparticle response, two Lorentzian func-
tions for a mid-infrared peak, and a set of Fano func-
tions, adjusted by temperature, to capture the vibra-
tional features that strongly interact with the electronic
background in our systems.

Figure 4 shows the fit quality for DM-CI at 300 K
(panel a) and 11 K (panel b), along with individual con-
tributions from Drude, Lorentz, and Fano components
at 300 K (panel ¢) and 11 K (panel d) (data for DM-Re
are shown in Fig. S1 in Supplementary Information [29]).
Notably, the Drude component is weak, consistent with a
low DC conductivity value of oqc = 10 - 30 2 'em ™' at
room temperature [16, 21]. The Fano term accounts for
the vibrational modes, which will be discussed in detail
in a separate section. The Lorentz contribution, repre-
senting the Mott-Hubbard band through two combined
Lorentzians L1 and L2 (Fig. S2 in Supplementary Infor-
mation [29]), with Hubbard parameters V and W indi-
cated, is shown in Figs. 4(c) and 4(d).

The estimated values at 300 and 11 K indicate that,
in all cases, the intersite Coulomb repulsion V' exceeds
the bandwidth W (Tab. I), suggesting significant effec-
tive correlations even in the metallic phase at room tem-
perature. For DM-Cl and DM-Re at 300 K, the ratios
V/W=1.8 and 2.4, respectively, are consistent with the
presence of a weak Drude component. In the insulat-
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Figure 3. Temperature dependence of the in-plane optical conductivity o1(w) in DM-CI (a, b) and DM-Re (¢, d), showing a
temperature-dependent redistribution of spectral weight with decreasing temperature. Panels (a) and (c) display the optical
conductivity spectra over a broad frequency range. Panels (b) and (d) present contour plots of o1(w,T’), with color maps
representing conductivity values up to 3000 cm™'. A suppression of low-frequency conductivity below the metal-insulator
transition temperature Twi, indicated by dashed horizontal lines and arrows, reflects the opening of an optical gap around
150 cm™! for DM-CI and 250 ecm™' for DM-Re. Black circles trace the center of spectral weight <w>, calculated below 3000
cm™!, with the connecting line serving as a guide to its evolution. A logarithmic frequency scale is used in panels (a) and (c)

to emphasize low-frequency features.

B. DM-EDT-TTF vibrations in Raman spectra:

Table I. Coulomb repulsion V' and bandwidth W (in meV Charge-order

and cm™') along with their ratio V/W, estimated for the
Mott-Hubbard band in DM-CI and DM-Re at 300 K (metallic
phase) and 11 K (insulating phase). Values in parentheses are
given in cm™ .

Vibrational spectroscopy is widely regarded as a prime
technique for investigating charge-ordered states in low-
dimensional organic conductors [31-36]. This approach
is sufficiently sensitive to differentiate between static

<
S

Compound, temperature

V/W

DM-CI, 300 K (metal) 160 (1290) 88 (710) 1.8 charge ordering and charge fluctuations [35]. In partic-
DM-CI, 11 K (insulator) 73 (590) 20 (160) 3.7 ular, the extensively studied BEDT-TTF-based materi-
DM-Re, 300 K (metal) 177 (1430) 75 (605) 2.4 als, feature two charge-sensitive C=C stretching modes
DM-Re, 11 K (insulator) 73 (590) 20 (160) 3.7 in the 1400-1600 cm~! frequency range that are com-

monly used for this purpose: the 1, (ay) mode, accessible
through Raman spectroscopy, and the vo7 (by,) mode,
observed in infrared spectra. The v57 mode is especially
reliable as a charge-sensitive indicator, although it is typ-
ically measurable only in the out-of-plane configuration.
However, in certain BEDT-TTF salts, 97 can also be

ing phase at 11 K, both V and W decrease, leading to
Raman-active, allowing it to serve as an effective probe

an increased correlation strength of V /W = 3.7 for both

materials. The remarkably narrow bandwidth at 11 K
results from the increase of the effective carrier mass, re-
flecting enhanced electronic correlations. This behavior
aligns with the onset of charge ordering. Notably, the
low-temperature spectra of DM-Cl and DM-Re closely
resemble the optical response observed in certain 3”-type
BEDT-TTF salts in the charge-ordered insulating phase
(26, 30].

for charge estimation [36, 37].

The chiral and asymmetric DM-EDT-TTF molecule
shares the same tetrathiafulvalene core as the BEDT-
TTF and TMTTF donor molecules, suggesting the pres-
ence of comparable charge-sensitive modes. Indeed, the
C=C stretching modes of DM-EDT-TTF (Fig. 1(b)) have
been previously studied and found useful for charge es-
timation [11, 17]. Consistent with findings for BEDT-
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Figure 4. Optical conductivity spectra of DM-CI fitted us-
ing a Drude-Lorentz-Fano model, which includes a Drude
term for coherent carriers in the metallic phase (300 K), two
Lorentzian components (L1 and L2) representing the mid-
infrared Mott-Hubbard band, and multiple Fano terms ac-
counting for intramolecular vibrational modes coupled to the
electronic background. Upper panels (a, b) show the exper-
imental data (solid line) and the total fit (shaded area) at
300 K and 11 K, respectively. Lower panels (c, d) display the
decomposition of the fit into Drude, Lorentz (L1+4L2), and
Fano contributions for the same temperatures. The key pa-
rameters of the Lorentzian term, the Coulomb repulsion V
and the bandwidth W, are marked in panels (¢) and (d) as
the peak frequency and the low-frequency half-width, respec-
tively [28].

TTF [32, 33, 35, 36], and TMTTF [31, 34], we assume
a linear frequency dependence on charge for vy and vo7
[11, 32] (inset in Fig. S3(a) in Supplementary Informa-
tion [29]). However, this does not hold for symmetric vs,
which strongly interacts with v5 within the structure due
to coupling with electronic background [32, 35].

In this study, we employ Raman spectroscopy to de-
tect charge-ordered states in DM-CI and DM-Re. Fig-
ure 5 presents the temperature evolution of the Raman
spectra of DM-CI, recorded in two separate experiments
using excitation wavelengths of A = 633 nm (Fig. 5(a))
and 785 nm (Fig. 5(b)), within the frequency range cor-
responding to the C=C stretching modes of DM-EDT-
TTF [38]. At 200 K, the spectra reveal two distinct fea-
tures, similar to those observed in various BEDT-TTF
salts [2], and in the molecular conductor (rac-DM-EDT-
TTF),PFg, which also incorporates the chiral DM-EDT-
TTF but in racemic structure [17]. Based on previous
experimental findings [11, 17|, density functional theory
(DFT) calculations [11], and established BEDT-TTF as-
signments [32, 35|, we attribute the asymmetric band at
1485 cm ™! to combined v3 and vy7, and the band at 1518
cm ™! to the v mode of DM-EDT-TTF with a charge of
+0.5e.

As the temperature decreases to about 30 K, these
features gradually narrow, exhibit pronounced splitting,
indicative of charge ordering, and continue to sharpen
with further cooling. On the onset of splitting, three v
components are present between 1510 and 1530 cm™!.

With further temperature lowering, two satellite peaks
v and v of vy%® gradually grow at the ex-
pense of the middle component characteristic for the
metallic phase (Fig. S3(d) in Supplementary Informa-
tion [29]). Here, v5** is related with charge-poor DM-
EDT-TTF+%%=% molecule, and v§*" with charge-rich
DM-EDT-TTF*%5+9 molecule. At 10 K we identify two
components of v,, along with two components of the vo7
mode related with charges +0.5-6 and +0.5+4, v52** and
vi¥m respectively. The temperature dependence of the vy
and 97 mode frequencies is illustrated in Fig. 5(c), that
shows a similar splitting for vo and o7, with increasing
frequency separation on the temperature decrease in the

insulating phase.

Two discrepancies merit discussion. First, there is a
difference in Typ: in the optical experiment, the insulat-
ing response emerges below 50 K (Fig. 3(b)), whereas in
the Raman study, the first signs of splitting appear be-
low 40 K [39]. The second issue concerns a wavelength-
dependent dispersion in Raman band positions observed
for v frequencies (Fig. 5(c)). Such an effect is common
in molecular conductors due to vibrational modes inter-
acting with the electronic background. For quantitative
analysis, we focus on the experiment with 633 nm excita-
tion, as it provides more reliable data due to lower noise
level and the availability of reference data [11].

Charge disproportionation 24 between the charge-
rich DM-EDT-TTF*%°+9 and charge-poor DM-EDT-
TTF10-5=9 can be determined from the frequency split-
ting [11, 29]. Figure 5(d) presents the charge separation
2§ calculated from the data in Fig. 5(c), as a function
of temperature. Notably, in the insulating phase, 20 in-
creases slightly as the temperature decreases, reaching its
maximum at the lowest temperature. This effect can be
attributed to enhanced electron correlations, reflected in
the increasing effective V/W ratio. From the A = 633 nm
experiment at 10 K, 26 = 0.10e based on the vs splitting
of 8 cm™! and 26 = 0.11e from the vy splitting of 13.7
cm~!. In contrast, charge separation at 10 K, estimated
from the vy splitting of 11.4 cm™! in the A = 785 nm
experiment, gives a slightly higher value of 0.14e [40].
However, the overall temperature dependence confirms
the results obtained with A = 633 nm.

Given the accuracy of our estimates [40], and consid-
ering that the lower-frequency component v5%" may be
influenced by coupling with the nearby v3, we conclude
that the charge disproportionation in DM-CI at 10 K is
0.10e. The slightly larger splitting of the 1o, mode ob-
served in DM-Re yields an estimated 26 = 0.13e (Fig. S3
in Supplementary Information [29]). Interestingly, while
charge ordering in DM-Re is consistent with predictions
from the low-temperature band structure calculations,
its presence in DM-CI is less expected [16]. We sug-
gest that CO in DM-CI may arise from subtle inter-site
Coulomb interactions (V') within the conducting plane,
which are not always fully captured by band-structure
methods. In addition, nearly uniform molecular stacks
in quarter-filled organic conductors — as found in both
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(c) Temperature dependence of the v, and v27 mode frequencies determined by Lorentzian fits to the data in panels (a) and
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increases slightly with decreasing temperature, reaching 26 = 0.10e at 10 K based on the v splitting in the 633 nm data.

Dashed lines are guides for the eye.

compounds — are known to be susceptible to CO, as
previously observed in model systems such as the 8- and
a-type BEDT-TTF salts [41]. Finally, since DM-CI1 and
DM-Re are isostructural, the presence of CO in one sys-
tem naturally suggests the possibility of similar behavior
in the other. Nonetheless, the relatively small values of
charge disproportionation observed in both compounds
are comparable to those reported in certain BEDT-TTF
salts [26, 37].

C. DM-EDT-TTF vibrations in optical spectra:
Electron-molecular vibration coupling

Molecular conductors based on tetrathiafulvalene
derivatives, such as BEDT-TTF and TMTTF, are well
known for exhibiting strong coupling between totally
symmetric molecular vibrations and the electronic back-
ground [2, 42]. This electron-molecular vibration (emv)
coupling modulates the highest occupied molecular or-

bital (HOMO), often within a dimer unit, gives rise to
intense, relatively broad bands in the optical conductivity
spectra. These bands appear at significantly shifted fre-
quencies compared to their unperturbed Raman counter-
parts, enabling estimation of emwv coupling constants that
quantify the interaction strength [36, 42-44|. Because
these emwv-activated features are sensitive to changes in
both the electronic state and crystal structure, they serve
as effective probes for characterizing phase transitions.
Figure 6(a) presents Raman spectra at 10 K for DM-CI
and DM-Re, in the frequency range of the C-S stretch-
ing mode vcg, often referred to as the C-S "breath-
ing" mode of the DM-EDT-TTF donor molecule [45].
In both compounds, this mode appears as a sharp Ra-
man peak near 500 cm~'. The temperature-dependent
optical conductivity spectra of DM-C1 (Fig. 6(b)) and
DM-Re (Fig. 6(c)) reveal a broad feature strongly red-
shifted relative to the unperturbed Raman position. This
shift suggests activation of the vcg mode in the insulating
state via electron—molecular vibration (emv) coupling. A
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Figure 6. (a) Raman spectra at 10 K for DM-C] and DM-Re
in the frequency range of the C-S "breathing" mode (vcs)
of the DM-EDT-TTF donor molecule. The vibrational mode
pattern is shown in the inset. The vcs mode appears as a
sharp peak near 500 cm™ ' in both compounds. (b, c¢) Tem-
perature evolution of the optical conductivity spectra for DM-
Cl (b) and DM-Re (c), highlighting the activation and red-
shift of the vcs mode below the metal-insulator transition
temperature Twmr, due to electron-molecular vibration (emwv)
coupling with the electronic background. Insets show Fano
fits at 11 K: two components were required for DM-CI (391
and 411 cm™!), while a single component sufficed for DM-
Re (416 cm). (d) Optical conductivity spectra of DM-CI in
the mid-infrared region at 11 K and 300 K, showing the v
mode (~1350 cm™'), also activated via emwv coupling. Fano
fits (black lines) are shown beneath the experimental curves.
(e) Temperature dependence of the normalized combined in-
tensity of the vs+vcs modes in DM-CI, extracted from Fano
fits. A strong correlation is observed with the metal-insulator
transition at Tar = 50 K. Dashed lines are guides to the eye.

similar emv-activated mode has been observed in several
BEDT-TTF-based compounds and is commonly labeled
as vg /10 (30, 42, 46, 47]. Another emv-activated band,
observed across the entire temperature range in both ma-
terials, is the v3 mode near 1350 cm ™! (Fig. 6(d)) known
for its strong coupling constant [33]. This mode, origi-
nally assigned for BEDT-TTF, is shown with its vibra-
tional pattern in Fig. 1(b).

The frequencies of both vcg and v3 mode components
in the optical conductivity spectra were estimated using
Fano fits within the Drude-Lorentz-Fano model (Chap-
ter IV.A). In the phenomenological Fano model [48], the

optical conductivity is expressed with the formula

whv(g® = 1) +29(v* = 113)]
Ufano(y) = UO (V2 _ Vg)z + 721/2 ! (1)

with the phenomenological coupling parameter g,
linewidth ~, the resonance frequency vy = wqp/27c,
and the spectral weight that describes intensity equal
[ lo1(v)|dv. The significantly broader vcs mode ob-
served in DM-CI requires two Fano components for ac-
curate modeling (Fig. 6(b), inset), yielding frequencies of
391 and 411 cm~! at 11 K. In contrast, the narrower vog
mode in DM-Re is well described by a single Fano com-
ponent (Fig. 6(c), inset), with a corresponding frequency
of 416 cm™! [49]. The substantial redshift of the vcg
mode from its unperturbed Raman position (Fig. 6(a))
- approximately 100 cm™! for DM-CI and 80 cm™! for
DM-Re - along with its pronounced intensity below Ty,
suggests a large coupling constant, consistent with values
estimated for other TTF-based donor molecules [42].

It is well established that the number of elec-
tron—molecular vibration (emuw)-activated bands associ-
ated with a given vibrational mode depends not only on
the presence of charge order, as observed in both DM-CI
and DM-Re, but also on subtle structural features that
reflect the underlying intermolecular interactions within
the conducting layer [50]. While DM-CI and DM-Re are
isostructural and exhibit similar charge disproportiona-
tion amplitudes (0.10e vs 0.13e), only DM-CI1 shows a
clearly resolved doublet in the vog mode. In principle,
this splitting should appear in both compounds if driven
solely by charge disproportionation. However, the ob-
served spectral features also depend on the strength of
electron—molecular vibration (emwv) coupling and on ex-
perimental limitations such as the approximations of the
fitting model. A weaker splitting in DM-Re cannot be
ruled out. We suggest that the key difference lies in the
strength of emwv coupling: in DM-Re, the vcg mode ap-
pears at 416 cm™! at 11 K, much closer to its unper-
turbed Raman position (~500 cm™1), while in DM-CI
it forms a pronounced doublet at 391/411 cm~!. This
larger redshift in DM-CI indicates stronger emwv cou-
pling. We further note that X-ray diffraction measure-
ments (Ref. [16]) reveal significantly higher structural
disorder in DM-Re compared to DM-Cl. Such disorder
may suppress coherent charge-lattice coupling and could
account for the reduced emwv coupling strength and the
absence of clearly resolved mode splitting in DM-Re.

Notably, the temperature evolution of the frequency
separation between the two vcg components in DM-CI
(Fig. S4(c) in Supplementary Information [29]) closely
resembles that of the charge-sensitive vo and ro7 Raman
modes (Fig. 5(c)). While the vcg mode in optical spec-
tra is primarily influenced by structural factors, it is also
charge-sensitive, with a calculated frequency shift of 23
cm~! upon ionization from the neutral species to DM-
EDT-TTF*!, according to DFT results [45]. We there-
fore suggest that the observed frequency splitting of the
vos mode arises from a combination of structural distor-
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Figure 7. Temperature-dependent optical conductivity spec-
tra of DM-CI1 (a) and DM-Re (b) in the frequency range corre-
sponding to vibrational modes of the tetrahedral anions ClO4
and ReOy, respectively. In panel (a), ClO4 modes appear
near 1100 cm ™!, while in panel (b), ReO4 modes are centered
around 900 cm™'. At lower frequencies, both compounds ex-
hibit features associated with the C-S stretching modes (vcs)
of the DM-EDT-TTF donor molecule. Spectra are vertically
offset for clarity, with temperature decreasing from 300 K
(top) to 11 K (bottom).

tions and underlying charge ordering.

Figure 6(d) displays the experimental optical conduc-
tivity spectra of DM-CI in the frequency range of the v3
mode at 11 and 300 K, along with corresponding Fano
fits using a single Fano component. The coupling pa-
rameter ¢ was found to be zero at all temperatures, indi-
cating symmetric coupling. While the antiresonance ex-
hibits higher intensity at elevated temperatures - likely
due to overlap with the mid-infrared band - it remains
consistently active across the full temperature range in
both DM-CI and DM-Re. This behavior suggests that
the strong temperature dependence of emuv-activated vi-
brational features is predominantly governed by changes
in the electronic background rather than by significant
structural modifications. Indeed, the v3 antiresonance
exhibits a monotonic redshift upon cooling in both com-
pounds (Fig. S4(a) in Supplementary Information [29]).
In contrast, the appearance of the vcg mode is more di-
rectly linked to the metal-insulator transition. One con-
tributing factor is the reduction in electronic screening
below Ty, while another is the emergence of a mid-
infrared band centered near 600 cm™! at low temper-
atures in both systems. As a result, the temperature
dependence of the normalized combined intensity of the
v3+veog modes in DM-CI, extracted from Fano fits, shows
a pronounced anomaly at Tyy=50 K (Fig. 6(e)). A sep-
arate comparison of the individual v3 and v¢g intensities
is provided in Fig. S4(b) of the Supplementary Informa-
tion [29].

While the DM-EDT-TTF vibrational modes in DM-CI

and DM-Re are largely screened in the metallic phase,
the characteristic molecular vibrations of the tetrahedral
ClO4 and ReO, anions persist in the optical conduc-
tivity spectra across the entire temperature range, ap-
pearing at 1100 cm~! (ClOy, Fig. 7(a)) and ~900 cm~*
(ReQy, Fig. 7(b)). These anion modes exhibit only weak
interaction with the electronic background, minimal tem-
perature dependence, and no correlation with the metal-
insulator transition. This suggests that, unlike most low-
dimensional charge-transfer salts based on TTF-derived
donor molecules [51], the anion network plays a negligi-
ble role in governing the conducting properties of both
DM-C1 and DM-Re.

V. CONCLUSIONS

This study confirms the charge-ordered nature of the
insulating state in the chiral molecular conductors DM-
Cl and DM-Re, with a charge disproportionation of 0.10e
and 0.13e, respectively, as determined from the splitting
of charge-sensitive DM-EDT-TTF modes in the Raman
spectra of the insulating phase. The optical conductiv-
ity spectra reveal the formation of an insulating gap at
the metal-insulator transition, with Ayg = 150 and 250
cm~! for DM-CIl and DM-Re, respectively. From the
analysis of our optical spectra we conclude that intersite
Coulomb repulsion V' is the dominant interaction driving
this transition. Additionally, both compounds exhibit
strong vibrational DM-EDT-TTF features resulting from
coupling with the electronic background, underscoring
the complexity of intermolecular interactions in the con-
ducting layer. These findings provide new insights into
the role of molecular structure and Coulomb interactions
in stabilizing charge ordering in these low-dimensional
conductors, paving the way for further studies on related
systems.
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