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Organic charge transfer complex at the boundary between
superconductors and insulators: critical role of a marginal
part of the conduction pathways

An organic compound has been controversially reported as
two extremes for 30 years: a superconductor with the highest
critical temperature among organics and an insulator. The
intrinsic conduction mechanism is important for revealing
the possibly universal superconducting mechanism for
developing superconductors exhibiting even higher critical
temperatures. The study has revealed that the conduction
properties are affected by slight differences in a part of
molecules, which is not involved in the conduction pathways.
The important and unexpected involvement of such a
marginal part of conduction pathways indicates that the rich
variety of degrees of freedom should be fully considered for
transforming molecular crystals to (super)conductors.
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k-ET,CulN(CN),ll (ET = bis(ethylenedithio)tetrathiafulvalene) has
previously been reported as both a superconductor and an insu-
lator. Examination of each single crystal revealed that the electrical
properties are affected by slight differences in the conformation of
one of the ethylene groups of ET, which is not involved in the
conduction pathways.

Among the numerous existing conducting and magnetic mate-
rials, molecular crystalline materials provide a unique group of
compounds with novel electronic states and peculiar physical
properties. They comprise both organic and inorganic compo-
nents, and often exhibit characteristics of ionic, molecular, and
metallic crystals. The examples of such materials include
organic charge transfer complexes (OCTCs)." Among the
OCTCs, there is a major group of compounds sharing a
characteristic molecular arrangement called «-type (Fig. 1),
where a pair (“dimer”) of n-conjugated radical cations facing
towards each other are arranged in such a manner that the
molecular planes of adjacent dimers are nearly orthogonal to
each other. The k-type OCTCs (k-OCTCs) are extensively studied
as they exhibit various types of conducting behaviour. For
example, k-OCTCs include superconductors that exhibit Ts
of ~10 K, which is among the highest T¢s in organic com-
pounds; conversely, they also include Mott insulators, which
exhibit conducting properties that are completely opposite to
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superconductors, despite the similarities in their crystal
structures.” The complicated relationship between the crystal
structure and electrical properties in k-OCTCs is widely
observed. This relationship is a challenging problem that needs
to be addressed; however, it is also the key to revealing the
mechanism of superconductivity. An apparent advantage of
k-OCTCs lies in the rich variety of closely related compounds
possessing well-defined crystal and band structures, allowing
for a comparative study based on the systematic variation of
their conducting and structural properties. Several pressure—
temperature (P-T) and other related phase diagrams for
k-OCTCs have been reported, which account for the observed
physical properties at the semi-quantitative level.> These phase
diagrams are associated with those of significantly different
types of superconductors, such as high-T¢ cuprates, suggesting
a universal mechanism of superconductivity." However,
exception, «-ET,Cu[N(CN),JI (1, Fig. 1;
ET = bis(ethylenedithio)tetrathiafulvalene), was previously con-
troversially reported to remain an insulator (7 > 1.1 K and
P < 5.2 kbar)*™*" as well as a superconductor (¢ ~ 8 K at
P > 0.1 GPa)*" under identical thermodynamic conditions (1.1
to ~ 8 K at 0.1 GPa (= 1 kbar)-5.2 kbar), as no definitive
differences were found between the two samples.’ Although the
electrical behaviour of single crystals of 1 is anticipated to
follow the abovementioned universal phase diagrams for
k-OCTCs, the observed behaviour was substantially different
from the trend in the phase diagrams, which was attributed to
differences in lattice softness and are strongly influenced by
short C-H- - -donor and C-H- - -anion contacts.’* The electrical
behaviour of single crystals of 1 was reported to exhibit sample
dependencies, which was related to differences in superstruc-
tures between crystals.¥ More exactly, based on the Laue
photographs and electrical resistivity measurements, the
authors concluded that the qualitative differences in electrical
behaviour should originate from differences in the degree of
(dis)order between crystals,” which is consistent with the
electrical  resistivity —measurements under hydrostatic

a well-known
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Fig. 1 Crystal structure of 1. Blue, violet, yellow, orange, and green
spheres represent C, N, S, Cu, and | atoms, respectively. The H atoms
were omitted for clarity. Two-dimensional conduction pathways are high-
lighted in red.

pressures.’® Coexistence of insulating and superconducting
phases, and that of two superconducting phases (T ~ 5 K
and ~7 K) were observed by the resistivity measurements
under uniaxial strain,®® which is consistent with uniaxial ther-
mal expansion anisotropy observed in 1.>? Apart from the
inconsistency on the observed electrical behaviour, many of
the previous studies suggest or indicate the importance of the
ethylene group disorder in 1°*"/ to interpret the complicated
and puzzling electrical behaviour of this salt.

In the present study, in addition to charge and spin degrees
of freedom in the conduction pathways, and effect of super-
structures on the energy band, we show that a quantitative
difference in the conformation of disordered ethylene groups,
located at a marginal part of the conduction pathway, also plays
a crucial role in the qualitative electrical behaviour.

Pure grade chemicals were purchased and used without
purification, unless otherwise noted. Single crystals of 1 were
prepared by galvanostatic (2.5-5.0 pA cm ) electrolysis of a
CH,Cl, (Nacalai Tesque, Spectrum Grade) solution containing
ET (Tokyo Chemical Industry, ground in an agate mortar
immediately before use), Na[N(CN),] (Tokyo Chemical Indus-
try), Cul (Wako), and 18-crown-6 (Wako, dried prior to use) in a
molar ratio of 1:4:4:6, under N, atmosphere at 35 °C, until
black shiny platelets formed on the platinum electrode and/or
at the bottom of the cell (~two weeks) (Table S1, ESIt). Large
rhombus platelets were selected to confirm crystal quality and
identify the lattice parameters using X-ray oscillation photo-
graphs. Crystals of good quality were cut into fragments, and
those originating from the same single crystals were subjected
to X-ray structural analysis (296 and 100 K) and electrical
resistivity measurements (2-300 K; Quantum Design PPMS-9)
in parallel, the details of which are described in the ESL¥
Crystals collected from the same single crystals exhibited nearly
identical electrical behaviours (Fig. S1, ESIt) and crystal struc-
tures. Meanwhile, we could not find any correlation between
electrical behaviour and batches, or any correlation between
the values of R and batches. Thus, we will not refer to the
differences of batches in the discussion below. The cooling
rates down to 100 K were generally applied to the X-ray and
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resistivity measurements, which were -1 and -10 K min~" in
the slow and fast cooling processes, respectively (Scheme S1,
Fig. S5 and Table S6, ESIf).

The structure of 1 was characterized by alternating the arrange-
ment of two-dimensional (2D) {(ET),}" and {Cu[N(CN),]i}~ sheets,
where only the ET sheets are responsible for conduction (Fig. 1).
Every pair of ET cation radical species share an unpaired n-electron
via overlapping HOMOs (HOMO = highest occupied molecular
orbital), m-orbitals predominantly comprised sulphur 3s and 3p
orbitals. The ET molecules interact to form a 2D delocalized
unpaired m-electron system extended across the entire crystal
(m-bands), namely 2D conduction sheets. In the unit cell of 1, the
asymmetric unit contains one general position ET molecule and the
repeating unit of the polymer anion {Cu[N(CN),]JI}" on a mirror
plane. Our structural analysis is consistent with that of previous
studies (Table S2, ESI).

Although the lattice parameters were different from each
other beyond the experimental error (esd) in all the single
crystals of 1, tight-binding calculation based on the observed
structures gave practically identical band structures and Fermi
surfaces to each other (Table S5, ESIT). However, closer com-
parison of overlap integrals revealed a trend that transfer
integrals I, I1I, and IV (Table S5, ESIt) are greater for insulating
crystals than those for superconducting crystals. Similarly, the
transfer integral II is greater for superconducting crystals than
those for insulating crystals. These features may explain the
qualitative differences in the observed conducting properties.
Typical patterns of electrical behaviour with increasing R (%)
(for R, see below) is shown in Fig. 2, exhibiting superconducting
(SC), insulating (Ins), and intermediate (IM) behaviour among
them. The IM behaviour should originate from a mixed phase
of SC and Ins domains as discussed below. The SC behaviour
was characterized by a sudden decrease in resistivity at 7¢ and
large positive magnetoresistance below Tc. The Ins behaviour
was characterized by a substantial increase in resistivity after
decreasing the temperature to 2 K, in addition to negligible
magnetoresistance. Thus, differences in the electrical beha-
viour under magnetic fields distinguish between superconduc-
tors and insulators. The application of magnetic fields
indicated that samples #1 and #3 were insulators whereas
sample #5 was a superconductor. An Arrhenius plot of the
electrical behaviour of #1-#4 (Fig. S2, ESIT) evidently shows that
they are not band insulators. Rather, all samples examined in
this work exhibit a nearly temperature-independent electrical
behaviour above ~80 K (Fig. 2), indicating a shared metallic
band structure governed by the characteristic ET arrangement
that forms conduction sheets called k-type (Fig. 1). Thus 1
crossovers from a metallic to an insulating/superconducting
phase or to intermediate behaviour at some lower temperature
than 80 K. Furthermore, most samples with SC or IM behaviour
exhibited an anomaly at T* ~ 8 K (Fig. S3, ESIY), below which a
large magnetoresistance was commonly observed in the SC and
IM samples (Fig. 2). The energy scale of T* is significantly lower
than the energy difference between the two conformations
(0.81 eV ~ 9400 K) and was shifted to lower temperatures
under an applied magnetic field (Fig. 2(d)).® Based on these
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Fig. 2 Three types of electrical behaviour of 1 were monitored by a
direct-current four-probe method using single crystals: superconducting
(SC), insulating (Ins), and intermediate (IM) behaviour between SC and Ins.
(a), (c), (e), (g), and (i) overall behaviour (2-300 K) without magnetic fields.
(b), (d), (f), (h), and (j) the effect of the magnetic field (1 T) during the heating
(2 > 18 K) processes by independent measurements using the same
crystals (#1-#5) as those in (a), (c), (e), (g), and (i) for (b), (d), (f), (h), and
(j), respectively. Some of the data collected under different conditions
overlapped completely in the given scales of the plot. R (%) with the
estimated standard deviation in parentheses denote the ratio of the
staggered conformation in one of the ethylene groups in ET in each
sample at 100 K under the slow (—1 K min™) cooling condition.

observations, we consider that 7* corresponds to the onset of a
higher-T¢ SC transition, whereas the SC domains are still minor
parts which have not developed to form a continuous conduc-
tion pathway through the crystal. In fact, some crystals exhib-
ited SC transitions at T, ~ T* ~ 8 K (Fig. S4, ESIT). Regardless
of whether the SC behaviour was obvious or not, the volume
fraction of the SC domains in 1 was often small based on the
observed high residual resistivity (Fig. 2(d)), temperature-
dependent resistivity below T* (~ 8 K) (Fig. 2(h)), and limited
decrease in resistivity at T¢ (Fig. 2(j)). The small fraction and
rather low T (~4 K) often observed for 1 as crystal-dependency
observed in this work as well as in previous work” are consis-
tent with disorder in the ethylene groups, which hinder the
coherence from developing in the entire crystal between the
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wave function of Cooper pairs during the SC transition. Sam-
ples #2 and #4 show IM behaviour of a superconductor (#5) and
insulator (#1 and #3), exhibiting both SC-like large positive
magnetoresistance and Ins-like high resistivity below 8 K. The
substantial increase in resistivity at T < ~80 K is similar
between the Ins (#1 and #3) and IM (#4) samples, in sharp
contrast with the resistivity behaviour of the SC (#5) and other
IM (#2) samples.

Next, we address the connection between the observed electrical
behaviour and the crystal structure. The X-ray structure analyses
revealed that all the examined single crystals contained disorder in
one of the two ethylene groups on each ET molecule (Fig. 3), without
evidence of defects or disorder in the polymer anions. The ET
molecules in 1 are classified as eclipsed (E) and staggered (S)
conformations.” We discuss the ratio between the two conforma-
tions R at a given temperature 7,

R(T) = SI(S + E)

where S and E describe the number of staggered and eclipsed
ethylene conformations in the disordered ethylene groups,
respectively. Depending on the conditions of electrocrystallisa-
tion, including slight differences in the amount of crown ether
or shape of the electrolytic cells, R differed from crystal to
crystal in 1, varying up to a few percent between crystals in the
same batch. We were unable to control R during synthesis by
electrocrystallisation conditions. All disordered ethylene
groups were bonded to the iodine atoms via hydrogen bonds
(Tables S3 and S4, ESIf). The hydrogen bonds C-H-X and
disordered ethylene groups affecting conducting properties
are commonly observed in k-ET,Cu[N(CN),]X (X = Cl, Br, and
I).> However, such structural features vary in 1 depending on
the sample preparation conditions mentioned above. Differ-
ences in electrical behaviour among different crystals were
seldomly observed at T > 80 K. Regardless of whether the
disorder was static or dynamic, the ethylene groups vibrate
intensely at higher temperatures, which averages the random
potential originating from the disorder and makes the electrical

Fig. 3 Two conformations of the disordered ethylene group of ET in 1.
C1-C2: staggered and C3-C4: eclipsed forms. The hydrogen bond
lengths at 100 K are (staggered) C—H--I: 3.286 and (eclipsed) C—H--I:
3.223 A (Sample #2; R = 60(2)% at 100 K when cooled with —1 K min™%).
Hydrogen atoms were located based on the Fourier maps and were
refined using the riding model.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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behaviour common to different crystals. This interpretation is
consistent with the nearly temperature-independent and low
electrical resistivity observed at ~80-300 K as well as previous
studies.”™" In contrast, differences in R differed in electrical
behaviour at T < 80 K (Fig. 2). Glass transitions originating
from the ethylene-group disorder was observed at ~80 K in
k-ET,Cu[N(CN),]X (X = Cl, Br, and I).>*%#"™ We examined
different cooling processes by combining cooling rates (1 and
10 K min~") and temperatures where the cooling rate was
changed (100, 40, 18, and 15 K) (For details, see ESIT). Although
none of the observed electrical behaviour (Fig. 2) exhibited
obvious anomalies associated with the glass transition, the
electrical behaviour differed in qualitative or quantitative
temperature-dependences depending on the values of R. The
observed sensitive dependence of the electrical behaviour on
the details of cooling processes below 80 K suggests significant
effects of the glass transition on the ground states of 1. In
addition, spin fluctuations may also affect the electrical beha-
viour at T < 80 K.” In fact, negative magnetoresistance was
observed around incomplete or broad SC transitions in some
crystals of 1. For example, the resistivity suddenly decreased
around T¢ (~ 8-9 K) under an applied magnetic field as shown
in Fig. S4(b) (ESIf). Negative magnetoresistance is usually
observed in magnetic metallic systems and is unusual for
non-magnetic metallic systems such as 1. Below 80 K, the spin
fluctuation appeared in the crystal with R(100 K) ~70%
(Fig. S4, ESIt). The value of R depended on the temperature
but was independent of the cooling rates at T > 100 K (Table
S2, ESIT). The details of the cooling processes down to ~20 K
often qualitatively affected the electrical behaviour of 1, and
since the ethylene conformation should almost freeze at T <
80 K, the electronic (i.e., charge and spin) degrees of freedom
explicitly affect the electrical behaviour at T < 80 K. As a result,
the electrical behaviour was more complicated at T < 80 K,
depending on the details of the cooling processes. The relation-
ship between R and various cooling processes at T' < 80 K is
currently under investigation. Recently, we observed a single
crystal of 1 consisting of SC and Ins domains using time-and
space-resolved spectroscopy.® It was not successful to try to
transform Ins crystals into SC crystals, or vice versa, simply by
changing the cooling processes. Accordingly, the ethylene con-
formation, and thus the values of R, may not vary drastically at
T < 80 K. Therefore, in addition to the effect of the electronic
degrees of freedom at T' < 80 K, the values of R with which the
crystals were produced during the electrocrystallisation are
important factor for the conduction properties. By comparing
the observed electrical behaviour of the single crystals with
varied R under different cooling conditions, it has been found
that R(100 K; under —1 K min~") more than ~73-75% should
be the requirement for 1 to exhibit a superconducting transi-
tions at 4-8 K with zero-resistance in the ground states (Fig. 4).
The value of R = 75% is commensurate with the 3/4-filled band
of 1, which could favour a Mott Ins state because of the
effectively 1/2-filled band. Meanwhile, the higher values of R
than 75% are commensurate with none of ¢*/2, ¢*/3, and 0.38¢*
superstructures, all of which have been reported to favour the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Relationship between the ground states and ratio (R%) of staggered
conformation in the disordered ethylene groups at 100 K in 1 (cooling rate:
—1 K min™). The observed behaviour is intermediate between super-
conducting (SC) and insulating (Ins) properties in the range R ~ 60-73% in
that the behaviour exhibits both characteristic of SC (large positive
magnetoresistance below a certain temperature) and that of Ins (increas-
ing resistivity toward 2 K). Note that the ground state is also highly sensitive
to the details of cooling processes, and that R is not an only parameter to
determine the ground states. The figure describes an approximate trend.

Ins states.”®*" In this way, R could be associated with Coulomb
interactions and electronic correlations. In actual crystals, the
disorder, ie., inhomogeneous distribution of E and S conformations
would favour the formation of Ins or SC domains which differ in R
between themselves. The larger ionic radius and lower electronega-
tivity of iodine atoms than other halogen atoms produce character-
istically weak hydrogen bonds I.--H-C(ethylene), which, in turn,
produce various states with similar stabilities including metastable
SC and Ins states.

The factors such as charge and spin degrees of freedom,
bandwidth, Coulomb interactions, and overlap integrals between
the HOMOs of ET have been paid attention to explain the observed
various types of electrical behavior of the «-type superconductors.?
However, our findings have revealed that R is also one of the
important factors to determine the electrical behaviour and the
ground state of 1. Although both effects of ethylene disorder and
ethylene conformation on the superconductivity of organic conduc-
tors have been known for a long time from various points of view
including related k-OCTCs,” 1 is unique in that the ethylene
conformation sensitively changes in a wide range depending on
the details of crystallization conditions and cooling processes. This
structural feature makes the electrical behaviour at 7 < 80 K
depend on both R and details of cooling processes at T < 80 K,
which in turn makes the behaviour complicated and non-systematic
in terms of R or the phase diagrams.

In summary, R is sensitively dependent on temperature and
synthetic conditions, and is an important factor to determine the
ground states to be SC or Ins properties. The values of R affect on
the band structure via superstructures, and can be associated with
electronic interactions via electron-phonon interactions in 1. Yet,
the weak hydrogen bonds I. - -H-C(ethylene) cause disorder in the
ethylene conformations, which in turn cause complicated electrical
and structural behaviours, being sensitive to cooling processes, and
producing the unique dynamics and the exceptional position of 1 in
the universal k-OCTC diagrams.

Conclusions

We found that the ground state and electrical properties of 1
are affected by the ratio of two kinds of ethylene conformations,
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which vary from crystal to crystal and are affected by sample
preparation. Accordingly, the electrical behaviour cannot be
explained by the universal phase diagrams proposed for
k-OCTCs;® furthermore, inconsistent and/or irreproducible
electrical behaviours have previously been observed among
different research groups and crystals. Since there remains
unsolved problems regarding the structure-conduction correla-
tion in k-OCTCs,” our findings shed light on the controversial
situation regarding the electrical behaviour and superconduct-
ing mechanism of x-OCTCs. Because superconducting mecha-
nism should be largely based on electron-phonon interactions,
the active role of a molecular vibration revealed in this work is
an important step forward to the future control of the conduc-
tion electrons in molecular crystals exhibiting considerably
high T¢s.
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