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A SYSTEMATIC STUDY OF THE RELATIONSHIP BETWEEN
CRYSTAL STRUCTURE, ESR CHARACTERISTICS AND ELECTRICAL
PROPERTIES IN BEDT-TTF SYNTHETIC METALS

PETER C. W. LEUNG, MARK A. BENO, THOMAS J. EMGE,
HAU H. WANG, MICHAEL K. BOWMAN, MILLICENT A.
FIRESTONE, LAUREN M. SOWA, and JACK M. WILLIAMS
Chemistry and Materials Science and Technology
Divisions, Argonne Natlonal Laboratory, Argonne,
Illinois 60439, U.S.A.

Abstract The crystal packing motifs exhibited by the
BEDT-TTF (or "ET") donor molecules in the various
ET:X charge-transfer salts are summarized. 1In spite
of the variable stoichiometries and crystal symme-
tries found for these synthetic metals, the number of
different crystal packing motifs is limited -- two
interstack (L- and Z-modes) and three intrastack
modes (a-, b- and c-modes). Of these, superconduc-
tivity has been observed only in the 2:1 (BEDT-TTF:X)
salts which adopt a combination of the L- and a-modes
of inter- and intrastack packing, respectively. ESR
linewidth measurements provide a means of separating
different crystal phases within a given donor-
acceptor system and are especially useful in differ-
entiating the non-superconducting o-(ET)2X phases,
X =13  and IBrz”, from the ambient pressure
superconducting B-(ET)2X phases, X = I3  and IBr2
(T.'s = 1.4 K and 2.7 K, respectively).

INTRODUCTION

The charge—-transfer salts of BEDT-TTF (bis—ethylelene-
dithiotetrathiafulvalene, Cj;oSgHg, also known hereafter as
"ET"), form a new class of S-based organic conductors with

novel electrical properties including superconductivity.
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The recent discovery of superconductivity in (ET)2ReOy4
with Tc = 2 K (P > 4 kbar) constituted the first observa-
tion of this phenomenon 1in a sulfur-based organic
metall, The subsequent finding of superconductivity at

ambient pressure in the two related compounds, B-(ET)2I3

(T, = 1.4 K)2™% and B-(ET),IBr; (T, = 2.7 K)5*6 presents
new opportunities for
the synthesis of novel

: 8 8 8 8 : materials with possibly

Hi I >:< I ]i“ even higher T 's. Ever

H 8 s 8 8 H since the first dis-
covery7 of metallic con-

BEDT-TTF or "ET" ductivity to 1.4 K in
(ET)2C104(TCE)¢,s5, numerous (ET)3X, X = monovalent anion,
synthetic metals have been synthesized. These have
included materials containing various monovalent anions
and, in some cases, different solvent molecules. Often,
solvent-free materials of the type (ET),(X) have also
been prepared. A wide variation in the electrical pro-
perties of these materials has been reported. In the
present study, a summary of the known ET charge-transfer
salts 1s reported which relates the crystal structures and
basic room-temperature ESR data of these materials to

their electrical properties.

THE CRYSTAL STRUCTURES OF THE CHARGE TRANSFER SALTS OF ET

While the more familiar TMTSF and TMTTF charge-transfer
salts have similar stoichiometries and crystal structures
—— (TMTSF)2X or (TMTTF)X (X = Cl04~, BF4 , ReOy , PFg ,
AsFg~, etc.)® which are isostructural (space group P-l-),

the crystal chemistry of the charge transfer salts of ET
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is quite varied. Electrocrystallization reactions, using
the same anion during crystal growth and under identical
conditions, often produce several different «crystal
phases. For example, there are at least three such phases
in the ET:ReOy system viz., (ET)2(ReOy), (ET)3(ReOy);
and(ET)2(ReOy)(THF)g,5 with vastly different electrical
propertiesl,g. They also have different ESR linewidths at
room temperature and have vastly different temperature
dependent ESR signals (see Table 1)9. These different
phases are observed to co-crystallize during a single
electrocrystallization reaction. Depending on the
conditions of crystal growth, the relative abundance of
these phases may also vary. However, only one of these
phases, (ET)2ReO4, is observed to be superconducting at
« 2 K (P> 4 kbar)!, Even though some derivatives may
even have identical stoichiometries, these charge-transfer
salts often have different electrical properties and
crystal structures. For example, (ET);I3, crystallizes in
two different forms designated as the o- and B-forms, re-
spectivelyll, 11, While both of these materials are
metallic near room temperature, o-(ET)2Il3 undergoes a
metal-insulator (MI) transition at ~ 135 K10, On the
other hand B-(ET)2I3 remains metallic to 1l.4-1.5 K, at
which temperature the onset of superconductivity at
ambient pressure occurs? “. Superconducting B-(ET)2I3 is
particularly interesting because of the occurence of an
incommensurate phase transition at ~ 195 K which is attri-
buted to a displacive structural modulationl2, Clearly,
the electrical properties of these charge transfer salts
are very dependent on their compositions and, as we shall

demonstrate, the crystal packing motifs. A summary of
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crystallographic, ESR, and electrical data of the known ET
salts 1is given in Table 1. ESR measurements were per-
formed on a Varian E-9 spectrometer at 9.14 GHz with
100 KHz field modulation. The modulation amplitude was
kept well below the linewidth and the microwave power of
10mW was well below saturation. The first derivative peak
to peak linewidths are reported with much of the standard
deviation due to linewidth anisotropy. The great virtue
of this method is that even very tiny (< 0.1 mm) crystals
can be examined?!l,

Although the space group symmetries and the stoichio-
metries of these ET salts appear to vary widely, the modes
of crystal packing of the ET molecules appear limited
(vide infra). 1In general, there are two different types
of packing along the interstack directions (see Figure 1),
designated as L- and Z-modes for "linear” and "zigzag",

respectively.

Figure 1. Illustration of two distinct types of inter-
stack packing of the ET molecules in ET:X
salts: zigzag or Z-mode (left) and linear or
L-mode (right). The hydrogen atoms are omitted
for clarity.
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As opposed to the TMTSF and TMTTF systems8, in which the
intermolecular Ses++-Se and See.§ interactions,
respectively, are more 1important in the intrastack
direction, short S+¢+S contacts always occur mainly along
the interstack directions in the ET:X systems. In fact,
these short Se¢+*S contacts are often significantly shorter
than the sum of their van der Waals radii (3.6 &)
generally indicating strong intermolecular interactions.
Regardless of the type of interstack packing, many of
these materials exhibit metallic properties (see Table 1).

Along the loosely packed (dg...g > 3.60 A) intrastack
direction, there appear to be three different packing
modes exhibited by the ET molecules in the known ET:X
systems. For convenience, these intrastack-packing modes
are designated as a-, b-, and c-modes (see Figure 2). In
the a-mode, the ET molecules pack 1in a face-to-face
manner. As shown in Figure 2, quantitative differences in
the intermolecular overlaps can occur due to the relative
molecular displacements along the long in-plane axes of
the organic molecules. This displacement, designated "D"
by Mori et 33313, is a very important factor 1in
determining the overlap integrals between adjacent ET
molecules. It 1s noteworthy that all the known super-
conducting phases of the ET salts adopt the a-type packing
mode.

In cases of the b-mode, there is no distinct stacking
direction, Each ET molecule overlaps with two others
along a direction perpendicular to the ET sheets. All
known ET salts which adopt this packing mode are metallic,
but superconductivity has never been observed in these

systems. For example, (ET)2C104(TCE)(,5 remains metallic
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to l.4 K but 1is never superconducting.7 A theoretical
calculation by Mori et al.l3 indicates tremendous
variations in the intermolecular overlap integrals as a
function of ¢, the angle between the molecular planes of
two adjacent ET molecules. The values of ¢ are 0° and 90°
for the side-by-side and face-to-face (both are within the
a-mode) interactions, respectively. The b-mode has ¢
values which are intermediate between these two values.
Interestingly, those ET salts which adopt the c-mode
of intrastack packing are all semi-conductorsl4” 16, In
the c-mode, often designated as the "herring-bone" con-
figuration, overlaps between the ET sheets along the
stacking axis are thought to be small, as suggested by the
large differences in the anisotropic conductivities. In
B-(ET)2PFe¢, for examplel", the room temperature
conductivities along the inter- and intrastack axes differ

by almost a factor of 100.

RELATIONSHIP OF CRYSTAL STRUCTURES AND ELECTRICAL

PROPERTIES

Clearly, the differences in crystal packing of the ET
molecules can significantly affect the band structures of
these materials. As shown above, some of the crystal
packing modes are characteristic of a structure that
exhibits superconductivity at low temperature, while the
other modes offer 1less favorable intermolecular §See«-S
overlaps and are not associated with the superconducting
state.

In general, a two-dimensional packing of the ET
moleczles appears necessary in order to suppress low tem

perature MI transitions which are very common in low-
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dimensional conductors. Indeed, the extended exocyclic
(non-TTF S—atom framework) rings in the ET molecules offer
an opportunity for two-dimensional interactions. These
exterior S-atoms are absent in the related TMTTF and TMTSF
systems. However, the significant interstack interactions
in the ET salts always appear to involve such exterior
sulfur atoms. The importance of the 2-D Se++S inter-
actions can be seen 1n the modulated structure of Bg-
(ET)2I3 in which the displacive structural modulation
causes large local modifications of the intermolecular
(Se+++S) contacts!2, Yet, the variation in the resistivity
of this material is smooth throughout this incommensurate
transition at 195 K22,

It appears that the detailed crystal: packing of ET
molecules in these materials depends not only on the
intermolecular interactions between the ET molecules, but
also on the interactions between the counterions. In
addition, the packing energy of the different modes of
interacting ET molecules appear to be nearly degenerate

since they often co-crystallize during the same

‘synthesis, Hence, substitution of different anions can

cause substantial changes 1in the anion-cation interactions
which can be very significant in the overall crystal
packing. A systematic study of this inter-play between
cation-cation and cation-anion interactions is expected to
be very fruitful in terms of future synthetic strategies

aimed at the development of new materials.
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