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THE MANY FACES OF ET

S.5.P. PARKIN, E.M. ENGLER, V.Y. LEE AND R.R. SCHUMAKER

IBM Research Laboratory K32/281,
5600 Cottle Road, San José, CA 95193, U.S.A.

Abstract A major feature of the ETT molecule is its ability to form many dif-
ferent phases and structures with the same or different anions. Whilst this
considerably complicates the growth and characterisation of these materials
this dees allow a systematic study of compounds differing only in charge state
or crystal structure, but otherwise containing the same donor and acceptor
species. We show that ET forms at least four different phases with the
ReO, anion, allowing such a systematic study. We show that one of these,
v-ET3(ReQ,),, is the only currently known example of an ET charge transfer
salt in which the anions are not ordered at room temperature. We find the
anjons become ordered at a lower temperature. We show that anions smaller
than some certain value stabilise a single phase containing 3 ET molecules for
every two anions and that larger anions form different sets of crystal struc-
tures.

1-INTRODUCTION

Almost two years ago superconductivity was found in (BEDT-’I'FF)ZReO4T for
pressures above 4.5 kbar and temperatures below =2 K1, With the recent discovery
of superconductivity by Yagubskii e a! 2 in a second member of this family,
(BEDT-TTF),l,, at ambient pressure, ET has finally been brought down to earth.
Saito et al > first synthesized a charge transfer salt based on the ET molecule.
We have subsequently synthesized many compounds based on ET containing a wide
variety of anions ranging from small symmetric anions like Br- to large asymmetric
tetrahedral anions such as FSO;". We have also attempted to grow by the same
standard electrochemical procedures systems containing molecules which are slight
modifications of ET, including BEDSe-TSeF?, (ES), the selenium analogue of ET,
and BVDT-TTF, (VT)}, in which the extreme C-C bonds at either end of the ET

t  we shall use the designation "ET" for BEDT-TTF
375
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molecule are left unsaturated. The probable rationale for making these modifica-
tions was in the first case, the possibility of larger transfer integrals and in the sec-
ond, the likelihood of improving the planarity of the ET molecule which might be
expected to increase intrachain S-S interactions. These latter systems have so far
proved to be rather disappointing. The BEDSe-TSeF salts we have been able to
prepare all have 1:1 stoichiometries and are as a consequence insulating: we have
only been able to grow reasonable crystals of one VT compound, V'I’a(FSO3)2,
which has properties very similar to its isostructural ET analogue.

In this paper we are going to describe a remarkable series of ET compounds
which display quite different transport properties yet are all perrhenate salts.

2-LA GRANDE HYSTERIE

In contrast to the small number of BEDSe-TSeF and VT salts that we have been able
to grow we have prepared large numbers of ET compounds including those shown
in Table 1. It is interesting to note that all the anions in Table 1 form isostructural
compounds with TMTCEF? of the form (TMTCF)ZXS, yet with ET the same anions

Table I-Cryswallographic Parameters for variowus BI;'DT-TI'F,(\’y Salis at 300 K

Anion x:y Space Z a b ¢ a s ¥ Volume
Group

ReO2 21 Pl 2 1259603} 17.117(4)  7.802(1)  99.55(2) 90.85(2)  73.46(2)  1589.3

a® |32 P2y/n 2 8498(3) 30.566(8)  9.413(3) 98.57(3} 2417.9
32 P2/e 2 16298(3) 12.013(3) 12.416(3) 91.24 2430.2
¥ 32 €1 2 1L74402)  13.278(3) 16.859(4) 72122 77.78(2)  84.23(2)  2443.6

FSO21 32 PI° 1 94218) 16578(7)  7.605(6)  95.04(5) 96.89(9)  87.74(6) 1174.1
Br 32 PI" 1 960602} 16.194(3)  7.743(1)  95.00(1} 99.05(2)  84.92(2) 11815
BF, |32 PI" I 9496(3) 16.398(5] 7.654(5) 92.42(4) 96.094) 88.99(3) 11839
ciod| 32 Prr 1 9513(1) 16488(2) 7.620(1) 92.9%1) 95.98(1)  89.13(1)  1187.2

1o, (32 PI' I 9301 16231(2) 84182} 9L.71) 97.33(2) 101.93(1) 12314

PF® | 11 C2i/c 4 33.827(17) 6.7142)  8.293(5) 102.52(5} 18386

a We have made complete structure determinations at room temperature for these compounds and as lower temper-
atures in several cases.

b The lastice parameiers given for this phase correspond 10 a non-primitive cell in order that these vales can be
compared directly with those at low temperature described in a following section. The volume of the primitive room
temperature cell, which has P 1" symmetry, is two times smaller. Note that below 200 K the ReO,” anions order
resulting in a doubling in vohune of the primitive unit cell.

¢ Z is the number of (BEDT- -TTF,X,J units in the unit cell,

t  where C=Se (TMTSeF) or § (TMTTF).
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Figure 1: Views of the structure of ET,(Cl1O ), at 300 KS along the long axis of the molecule and
perpendicular to the plane of the molecule.

form salts of various stoichiometries and a bewildering number of different struc-
tures. However for many, of the smaller anions a single phase with stoichiometry
of 3:2%  (ie. ET;X, ) is formed. The structure for a typical example, the C10,, salt
which we have studied in some detailé, is shown in figure 1.

In figure 2 we plot the unit cell volumes, ¥, of the ¢$-E'I‘3X2 salts versus those
of the corresponding TMTTF,X salts. We alsa include for comparison the same
plot for the TMTSeF,X compounds’. In the latter case Fof T MTSeF,X is linearly
proportional to that of the corresponding TMTTF salt, indicating ¥ simply increases
in proportion to the size of the anion. Thus, we shall use V of TMTTF as a measure
of the size of the anions!. If this were also true for the 3-ET3X, salts we would

*  we shall label this phase as the § phase.

! Note that Williams er o/ (Phys. Rev. B28. 2873 (1983)) have recently argued on the basis of
comparisons of latticc parameters and interchain contacts versus calculated anion volumes for
TMTSeF,X that the ClO, salt, which is superconducting at ambient pressure, possesses some sort
of special but undefined selenium network. We point out that these conclusions are quite wrong
and are based on an incorrect assignment of anion volumes. When these distances and lattice pa-
rameters are plotted versus unit cell volume we find a monotonic variation of all parameters with
¥. Certain pancake shaped anions, for example H.F;, do show anomalously large values of certain
parameters (¢.g. b and the associated interchain Se-Se contact) because the anion is much longer in
these directions compared to its anion volume than other more symmetric anions. Also note that no
detailed crystal structure determination is required to consider variations of interchain Se-Se con-
tacts since these are simply proportional, as expected from the crystal structure, to the 4 lattice pa-
rameter.
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Figure 2: Plot of the unit cell volume of (a) §-ET,X, and (b) TMTSeF, X7 versus that of the corre-
sponding TMTTF.X compound. We expect linear variations with slopes of respectively 2 and L.
These are the solid lines shown in the figure. Notc that we have estimated the unit cell volume of
(TMTTF),IO since this material has not been prepared.

expect a linear variation with slope two since the unit cell of the ET salt contains
twice as many anions as the TMTTF salt. As can be seen from figure 2 we find a
very different behaviour in which ¥ of §-ET,;X, is approximately constant at small
anion volume (small ¥ for TMTTF,X) for anions ranging in size from Br™ to the
much larger FSO;™ anion. These data thus suggest that the size of the cage of ET
molecules in which the anions sit is formed independently of the anion and is de-
termined by some preferred arrangement of organic molecuies. One might expect
that when the anion size is increased to fully accommodate the volume of the cage,
I would increase. Figure 2 suggests that this point is reached for an anion inter-
mediate in size between FSO,™ and 10, since ¥ is considerably increased for the
latter salt.

For anions a little larger than those shown in figure 2(a) we no longer find the §
phase but a number of other quite distinct phases of which perhaps the most re-
markable is that exhibited by ET—PF68. The structure of this material contains
stacks of criss-crossed ET molecules as shown in figure 3. In addition to this 1:1
ET-PFg salt two phases of the form ET,PF, have been found by Kobayashi et al 9
For the ReO,” anion we have so far identified four distinct crystalline phases as

. described further below. For still larger anions a quite different set of structures

are found (TaF¢!% SbF¢!!, AsF¢!!). There is thus a markedly different behaviour
between smaller and larger anions: in the former case a single structure of 3:2
stoichiometry is found whereas in the latter a multitude of different structures and
stoichiometries are formed.
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Figure 3: The structure of ET-PF at 300 K*.

3-THE STRUCTURE OF (ET),ReQ;

A view of the structure of (BEDT-TTF),RcO, along the stacking axis is shown in
figure 41. It is immediately obvious that the structure strongly resembles that of
the (TMTCF),X salts. There are planes of molecular stacks separated by planes
of ReQ," anions. Moreover the ET molecules are slipped with respect to each other
along any given stack in a similar way to that of the TMTCF molecular stacks as
demonstrated in figure 5 where the structure of (BEDT-TTF),ReQ, is compared
to that of (TMTTF),ReO 412. There are however some important differences be-
tween the structures of these families. In (BEDT-TTF),Re0, and all the ET salts
we have prepared with one exception, namely y-ET;(ReO,),, the anions are or-
dered. With respect to the primitive unit cell conventionally chosen for the
(TMTCF),X salts (see figure 4) the anion ordering in (BEDT-TTF),ReQ; can be
described by a wave vector, Q = (0,1/2,1/2). This is the same anion arrangement
which when it takes place below 160 K in (TM'I‘TF)ZSCN drives the material in-
sulating!? and yet the ET salt is metallic!

Figure 5 also demonstrates one other obvious way in which the ET and TMTCF
salts differ: the TMTTF molecule is considerably flatter than the ET molecule and
this is generally true as we shall discuss further below. The aplanarity of the ET
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Figure 4: View along the a axis of (BEDT-TTF),ReO 4'. The primitive cell is shown in solid lines.
Also shown in dashed lines is ihe primitive unit cell corresponding to that of the (TMTCF).X
(CmSe,S) salts. The unit cell of (BEDT-TTF),Re0, is a (0,25,2¢) supercell of the smaller cell.
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molecule is mostly associated with the outer rings. In figure 6 we compare the
bonding of the sulphur networks in (BEDT-TTF),ReO, and (TMTTF),Re0,. We
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Figure 6(a): Sulphur sulphur contacts shorter than 4.0A in (BEDT-TTF),ReO,
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Figure 7: CNDO/2 calculation of the homo spin density and charge density for the centrosymmetric
ET®® molecule ‘n (BEDT-TTI),RcO,

only show bonds less than 4.0A in length. Often the bonding in organic compounds
is compared with bond lengths derived from van der Waals radii. For example
Paulmg suggests a radius for S of 1. 85A implying a S-S bond distance of about
3.7A. Figure 6 shows there are no intrastack S-S contacts shorter thzm the Pauling
bond length in (TMTTF),ReO, (the minimum distance is =3.74 A long) yet the
calculated band width along the stack for this material is of the order of 0.8 eV!13
One must be very carcful in blindly writing off bonds longer than the van der Waals
distancet. In considering the magnitude of the overlap integral associated with a
particular S-S bond one must take into account two other important parameters, the
spin density on the S atom and the angle the S-S bond makes with the plane of the
molecule. We have calculated the spin density for the BEDT-TTF and TMTTF
molecules using the CNDO/2!7 programs®. The results are shown schematically in
figure 7 for the ET®> molecule (atomic positional parameters were taken from ref.
3). Note that the spin density (calculated from the sum of the squared coefficients
of the homo wave function) is almost twice as large for the S atoms on the inner
rings as it is for those on the outer rings of the molecule. This means that bonds
between S atoms on the outer rings of two different ET%3 molecules will be ap-
proximately twice as weak as the bonds between S atoms on the inner parts of the
molecules. Figure 7 also shows the CNDOQ/2 charge density calculated for the
ET%3 molecule: in contrast with the spin density distribution the charge density is
greater for the S atoms on the outer rings of the molecule. These results thus sug-

' Note that eisewhere in these proceedings Williams er a/'® state that the ET,X salts, including the
ReQ, salt. possess a very unusual $-S bonding network with no significant intrastack S-S inter-
actions. We suggest these statements are incorrect since they are based on ignoring S-S bonds longer
than some arbitrary value set at 3. 6A. Moreover note that the intrastack S-S bond lengths in
ET,Re0, are comparable with those in TWI'I‘F.,RcO (compare Figures 6(a) and 6(b)).

t thank Prof. R.M. Metzger for kindly prov1dmg me with copies of these programs.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:43 20 February 2013

THE MANY FACES OF ET 383

5-5 Dverlup Integral

o ' 0 o "

Arsle 1l grecy

Figure 8: Sulphur-sulphur overlap integral (see text) as a function of angle, ¢, between the S-Sobond
and the plane of the molecule containing one of the S atoms for S-S separations of 3.6 and 4.0A.

gest the inner rings of adjacent ET molecules are more strongly bonded and the
outer rings more strongly repelled.

The homo orbital at the sulphur atom has strong p, character (as we find for
example by considering the CNDO/2 homo cigenfunction - note this function is
also symmetric), which means that the overlap integral of wavefunctions on
neighbouring S atoms is very sensitive to the relative position of the planes of the
neighbouring ET molecules. In particular for the same S-S bond length it is obvious
that the overlap integral will be much larger when the S atoms are in a ¢ config-
uration than when they are oriented in a » fashion. To simple-mindedly demon-
strate this we have plotted in figure 8 the overlap integral, ¢, for two sulphur atoms
separated by respectively 3.6 and 4.0 A as a function of the angle, ¢, between the
S-S bond and the plane of the molecule in which one of the S atoms reside. Note
we have chosen ¢ such that =0 (90°) when the S atoms are in the #(o) configura-
tion. We have made use of analytical expressions derived by Mulliken er af 18 for
the overlap integrals between Slater 3pw and 3po atomic orbitals. An important
consequence of the different signs of ¢ for the pr-pr and pe-po interactions is that
the S-S overlap passes through zero at some value of ¢ (see figure 8). Although the
Slater orbitals fall off exponentially with distance from the atom centre, for the
range of S-S contact-distances of interest in these systems the interaction actually
varies quite slowly. We mentioned earlier that there is a larger spin density on the
inner ring S atoms: figure 8 shows that in order that the overlap integral between
two inner S atoms has the same value as ¢ between two outer S atoms separated by
for example 3. 6&, the inner S atoms will be much separated by about 4. OA a con-
siderably larger distance. Care must be taken in over-interpreting bondm% net-
works derived by including only S-S bonds smaller than some arbitrary valuel6
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In addition to ET,ReQ, we have found three distinct phases in which each anion is
coupled with only 1.5 ET molecules (see Table 1 for labelling and crystallographic
parameters). These phases display quite different transport properties as is dem-
onstrated in Figure 9 where the electrical resistance versus temperature curves of
these three phases are compared. The 8 phase is an insulator at room temperature
whilst both the « and y phases are metals at these temperatures. The a phase shows
a sharp metal-insulator transition near 100 K. the transition temperature decreases
as pressure is increased8. The y phase is metallic to very low temperatures but ex-
hibits a weak preparation-dependent upturn in resistance below =10 K.

The very different character of thesc compounds can be understood by considering
their quitc different crystal structures. A detailed study of the structure of
B-ET;(ReQ,), shows this system has a highly one-dimensional structure with weak
interstack coupling. Note that for a one dimensional stack of ET molecules with
charge state +0.67 (ignoring correlation effects) the conduction band is 1/3 full.
The electronic system is thus unstable to potentials with a component of
wavevector along the stack of 2 kg =4 kp=1/32 ", This corresponds to a
trimerisation of the stack. {(In real systems where non-zero interstack coupling
smears the perfect one-dimensional Fermi surface planes, the behaviour of the sys-
tem is determined by a balance between the size of the trimerisation gap and the
warpage of the Fermi surface). We find that the stacks of the ET molecules in the
B phase are strongly trimerised thus reflecting the highly one-dimensional character
of its crystal structure. Moreover this explains why the material is an insulator.

The structures of both the « and y phases are much Iess one dimensional than the
B phase and indeed we propose that the ET molecules are arranged in an optimum

t  Unfortunately it won't be possible to discuss in detail the large amount of data we have ob-
tained on these materials because of limited space: we hope to describe these results elsewheres.
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configuration {or two-dimensional interactions for the a and y phases (see Figure
10(a)). This is a result of the tilting of the ET molecules such that one ET molecule
interacts with four surrounding ET molecules (note that the side-by-side ET mole-
cules in figure 10(a) are situated very poorly for bonding because as discussed ear-
lier the S-S overlap integral passes through sorie zero value for $=20°) The packing

of the ET molecules is clearly quite different in these phases as compared with the
ET,X (or (TMTCF),X) structure. These are compared in figure 10. Finally note
that the structure of the a phase is related to that of the  phase exhibited by many
of the ET salts containing smaller anions. There is a similar stacking of ET mole-
cules within one plane of molecules (which is separated from adjacent molecular
planes by a plane of anions) except that the unit cell contains two independent
planes of malecules in the a phase but only a single plane in the 8 phase. Further
discussion and details of these structures are described elsewherc®3.
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The structure of y-ET,;(ReQ,), is quite different from all the other phases of

- ET that we have so far prepared in one important respect. The ReQ," anions are

disordered at 300K. The disorder is quite unlike that found in the (TMTCF),X
salts. In the ET salt at each anion site there are two anion positions such that the
amons share one oxygen site and the central Re atoms arc scparated by more than
1A There is a weak anomaly in the resistivity curve for y ETy(ReQ,), shown in
figure 9 near 200 K which we have seen more clearly in thermopower data. Detailed
room and low temperature structures for this material show that below 200 K the
unit cell is doubled in volume and the anion disorder is removed$.

5-CONCLUSIONS

A major feature of the ET molecule is its ability to take part in a multitude of
crystal phases with different charge states. We suggest that the extreme and per-
haps unexpected flexibility of the outer rings of the ET molecule which can make
an angle of as much as 45° with the plane of the inner portion of the molecule® may
be an important clue towards an explanation of this phenomenon. We have shown
that anions smaller than some certain size apparently stabilise a single
crystallographic phase. As the anion size is increased a number of very different
sets of structures are found.

We have found for the ReQO, anion four different crystal structures involving
two different charge states of the ET molecule. We have shown that the wide va-
riety of electronic properties of these systems can be understood by carcful studies
of their crystal structures. We have suggested that for the compounds of the form,
ET;(ReQ,),, the energy gap resulting from the trimerisation of the molecular stack
can be washed out to a varying degree by inter-stack interactions which increase the
effective dimensionality of the system. We have emphasized that a consideration
of the dimensionality of such systems in terms of chemical bond lengths without
taking into account bond angles is simple-minded and misleading. The overlap in-
tegral for such bonds is far more sensitive to bond angle than it is to bond length
and can be negligibly small for certain bond angles.

We started out our work on ET saits with the hope of finding many new organic
superconductors. These hopes have largely been frustrated and superconductivity
continues to remain elusive in these and other organic charge transfer salts. This
work suggests that a successful search for new superconductors in the ET family
must begin with anions comparable in size to the ReOQ," anion. Much smaller or
larger anions apparently stabilise unfavourable crystal structures.

The many faces of ET will eventually provide a lengthy case history sufficient
for many different and detailed diagnoses. Whether or not the schizoid behaviour
of these materials can be understood and controlled remains to be seen.
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