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Evidence concerning the occurrence of a first-order phase transition around 260 K in the organic metal
k-(BETS),C(CN)j; is reported and the effect of the transition on the crystal and electronic structure of the salt
is discussed. Determination of the crystal structure at 50 K has shown that the main structural change brought
about by the transition affects the anion sublattice. Although there are noticeable changes in the
chalcogen:--chalcogen short contacts of the donor lattice it is shown that the Fermi surface is left unaltered by
both the first-order transition and the thermal contraction down to 50 K.

Recently, a new radical cation salt based on the bis(ethylene-
dithio)tetraselenafulvalene (BETS) donor, x-(BETS),C(CN)3,
has been synthesised and the room temperature crystal and
electronic structure, as well as the resistive properties, have
been studied.' 2 This salt has a k-type donor arrangement and
metallic properties down to very low temperatures although it
is not superconducting above 1.3 K. The lack of super-
conductivity might be related to the disorder in the BETS
ethylenedithio groups and/or in the anion layers. For instance,
an X-ray crystal structure of k-(BETS),Cu[N(CN),]Br> at 20 K
showed that one of the ethylenedithio groups of BETS was still
disordered even at this low temperature and this fact may be
responsible for the failure to observe superconductivity in this
salt, something which contrasts with the situation in the
corresponding bis(ethylenedithio)tetrathiafulvalene (BEDT-
TTF) salt.* Thus, we thought it would be of interest to carry
out a low temperature X-ray study which could shed light on
this problem.

In addition, the observed Shubnikov—de Haas oscillations
for this salt were not completely understood on the basis of the
calculated Fermi surface. This was the reason for some concern
because the Fermi surface was calculated on the basis of the
room temperature crystal structure." Thus, even if the main
details of the surface are correct it could well be that differences
between the room temperature and low temperature crystal
structures could subtly affect its shape. In the present work we
report new crystallographic data and resistivity measurements
which make clear the existence of a first-order phase transition
around 260 K in k-(BETS),C(CN);. We also report a low
temperature (50 K) crystal structure determination and discuss
the effect of such a transition on the crystal and electronic
structure of the salt.

Experimental
X-Ray structure determinationf

X-Ray experimental data were collected at 50 K using the
Weissenberg-type IP (image plate) system (DIP 320s, MAC

TCCDC reference number 1145/254. See http://www.rsc.org/suppdata/
jm/b0/b007174i/ for crystallographic files in .cif format.
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Science Co., Inc) equipped with a helium refrigerator.’ An
absorption correction of intensities was not applied. The
structure was solved by a direct method with the teXsan
crystallographic software package® and then refined by a full-
matrix least-squares method in an anisotropic approximation
(isotropic for H). The main crystal and experimental data for
k-(BETS),C(CN); are presented in Table 1.

Band structure calculations

The tight-binding band structure calculations were based upon
the effective one-electron Hamiltonian of the extended Hiickel
method.” The off-diagonal matrix elements of the Hamiltonian
were calculated according to the modified Wolfsberg-Helm-
holz formula.® All valence electrons were explicitly taken into
account in the calculations and the basis set consisted of
double-{ Slater-type orbitals for C, S and Se and single-{ Slater-
type orbitals for H. The exponents, contraction coefficients and

Table 1 Main crystal and refinement data for x-(BETS),C(CN); at
50 K¢

Chemical formula
Formula weight

C14SsH 6SegN3
1234.6

Crystal system Monoclinic
Space group A2la

zZ 4

alA 11.482(6)

blA 8.330(3)

clA 35.04(1)

pl° 94.87(4)

VIA® 3339(2)
Dearelg cm ™3 24.55

plem™! 92.8
Radiation, /A MoK, 0.71069
F(000) 2324

20 max 59°

No. of reflections measured 6979

No. of independent reflections 4228

Rint. 0.109

No. of observed reflections 2430 [I>3a(D)]
No. of refined parameters 187

R 0.082

“Unit cell parameters at room temperature: a=11.583(3) A,
b=8.475(1) A, ¢=35.086(5) A, f=91.10(2)°, V=3444(1) A3
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atomic parameters for C, S, Se and H were taken from previous
works.> 10

Electrical resistivity measurements

The high quality crystal of k-(BETS),C(CN); used for the
experiment was grown electrochemically as described in ref. 1.
The interlayer (i.e. perpendicular to the highly conducting ab
plane of the crystal) resistance was measured by the standard ac
four-probe method at 330 Hz from room temperature down to
1.3 K.

Results and discussion

The variation of the unit cell parameters with temperature was
measured from room temperature down to 30 K. The tem-
perature dependence of the unit cell parameters is shown in
Fig. 1. All the parameters exhibit clearly visible hysteresis,
especially the parameter ¢ and the angle f3, as a consequence of
a first-order phase transition occurring at around
260 K. Projections of the crystal structure of k-(BETS),C(CN)3
along the b-direction at room temperature and 50 K are shown
in Figs.2a and 2b, respectively. From the crystallographic
viewpoint, the first-order phase transition is mainly charac-
terised by changes in the anion layer but without a drastic
modification of the basic crystal structure. Nevertheless, the
changes in the anion layer affect the inner structure of the
conducting BETS layers so that it is interesting to compare the
structural details above and below the phase transition and its
possible effect on the electronic structure.

The structure is characterised by BETS radical cation layers
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Fig. 1 Lattice constants as a function of temperature for the «-
(BETS),C(CN)j; single crystals.

a -

Fig. 2 Crystal structure of k-(BETS),C(CN); viewed along the b-axis:
a) at 293 K, and b) at 50 K.

alternating with anion layers along the c-direction. The
projection of the radical cation layer along the BETS molecular
long axis is shown in Fig. 3a. The unit cell contains two BETS
slabs and two anion layers. The bond lengths and angles for the
BETS radical cation at 7=50 K are listed in Table 2 (see
Fig. 3b for the donor labelling). It is important to point out
that whereas the ethylenedithio groups of BETS are disordered
at room temperature, they are ordered at low temperature (see
for instance the C7-C8 and C9-C10 bond lengths in Table 2).

As in all k-phase salts, the radical cation layer is formed by
dimers of the BETS donors oriented in a roughly orthogonal
manner (the angle is about 80°). The intradimer distance

(@ ——>p

Fig. 3 a) Radical cation layer in k-(BETS),C(CN); viewed along the
BETS molecular long axis, and b) labelling scheme for the BETS donor.
The four different types of intermolecular interactions are shown in (a).
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Table 2 Bond lengths d/A and angles w/° for BETS at T=50 K

Bond d Angle w
Sel-Cl1 1.92(1) ClSelC3 92.9(6)
Sel-C3 1.91(1) Cl1Se2C4 95.6(5)
Se2-Cl 1.93(1) C2Se3C5 93.6(6)
Se2-C4 1.90(1) C2Se4C6 94.6(6)
Se3-C2 1.92(1) C381C7 100.9(6)
Se3-C5 1.91(1) C4S2C8 101.5(6)
Se4-C2 1.91(1) C583C9 98.0(6)
Se4-C6 1.88(1) C6S4C10 104.4(7)
S1-C3 1.80(1) SelCl1Se2 112.8(7)
S1-C7 1.83(1) SelC1C2 125(1)
S2-C4 1.73(1) Se2C1C2 122(1)
S2-C8 1.81(1) Se3C2Se4 113.3(7)
S3-C5 1.78(1) Se3C2C1 120(1)
S3-C9 1.77(1) Se4C2C1 125(1)
S4-C6 1.77(1) SelC3S1 112.0(7)
S4-C10 1.81(1) SelC3C4 122(1)
Cl-C2 1.26(2) S1C3C4 125(1)
C3-C4 1.35(2) Se2C4S2 112.9(7)
C5-C6 1.35(2) Se2C4C3 116(1)
C7-C8 1.47(2) S2C4C3 130(1)
C9-Cl10 1.56(2) Se3C5S3 113.0(8)
Se3C5C6 119(1)
S3C5C6 127(1)
SedC6S4 113.7(7)
Se4C6C5 119(1)
S4C6C5 127(1)
S1C7C8 114.0(9)
S2C8C7 115(1)
S3C9C10 112.009)
S4C10C9 112(1)

between the BETS molecular planes is 3.46 A (3.52 A at room
temperature). The mode of intermolecular overlapping in the
dimer has not changed at 50 K and it is of the so-called ring-
over-bond type. However, there is some change in the
molecular orientation: the angle which the average plane of
BETS makes with the [001] direction is 13.3° at low
temperature but 9.8° at room temperature. In addition, the
dihedral angle between the BETS and the anion C(CN);~
planes is quite different at low and room temperatures, i.e., 55.4
and 84.4°, respectively. The radical cation layer contains a large
number of short Se---Se, Se--*S and S---S contacts. Those
shorter than the sum of the van der Waals radii, as well as the
corresponding ones at room temperature, are listed in Table 3.
It should be noted that not all of these contacts have been
shortened when going from room temperature to 50 K.
Projections of the anion layer on the ab-plane at room
temperature and 50 K are shown in Figs.4a and 4b,
respectively. A rather different picture of the anion layers

Table 3 Se---Se (r< 3.90 A), Se*S (r< 3.80 A) and S---S (r< 3.70 A)
contacts between the BETS radical cations

A

_— Interaction
Contact 50K 203K BETS“ type?
Sel---Se2 (Se2---Sel) 3.851(1) 3.896(2) I-I¢ (I-I3) ¢
Sel---Se3 (Se3---Sel) 3.822(1) 3.881(2) I, (I-I)) a
Sel--S2 (S2:+-Sel)  3.621(3) 3.680(5) I-I¢ (I-I5) ¢
Se2-Sed (Sed--Se2) 3.751(1) 3.796(2) LI, (I-I;) a
Se3:--Se4 (Sed---Se3) 3.669(1) 3.726(2) I-I; (I-Iy) ¢
Se3--S1 (S1-+-Se3)  3.581(3) 3.793(5) I-L (I-I) d
Se3--S4 (S4---Se3)  — 3.761(5) I-I (I-lg) ¢
Sed--S1 (S1---Sed)  3.705(2) — s (I-Is) b
Sed-S2 (S2:+-Sed)  3.616(3) 3.705(4) LI, (I-L,) d
S1-+-82 (S2--S1) 3.694(4) 3.661(5) I-Is(I-I;) ¢
S1-+-S4 (S4---S1) 3.614(4) 3.573(7) I-Is(I-Is) b
S3---S4 (S4---S3) 3.537(4)  3.515(6) I-I; (I-lg) ¢

“Symmetry codes: I (x, y, z), I; (—x, 0.5—y, 0.5-z2), I, (0.5—x,
$=0.5, 0.5—z), I5 (x+0.5, 1=, 2), Iy (0.5—x, y+0.5, 0.5—z), Is (—x,
1.5—y, 0.5—z), I (x—0.5, 1—y, z). *See Fig. 3a for labelling.
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Fig. 4 Projection of the anion layer along the c-axis at: a) 7=293 K
and, b) T=50 K.

can be seen in these figures. Although a disorder in the anion
layer still exists at 50 K, the anion positions have changed with
respect to those at room temperature. The C(CN);z groups have
rotated by approximately 20° around the [001] direction. The
C(CN); plane makes angles of 9.1, 24.3 and 65.2° with the
[100], [010] and [001] directions at 50 K, whereas those at room
temperature are 25.7, 2.7, 63.0°, respectively. Thus, the X-ray
structural study of the single crystals of k-(BETS),C(CN);
below the first-order phase transition reveals that, as for
(BEDO-TTF),Re04-H>O (where BEDO-TTF is bis(ethylene-
dioxy)tetrathiafulvalene),!' the transition is mainly connected
with changes in the anion layer: a reorientation of the C(CN); ™
anions at 260 K causes the decrease of the a, b, c-parameters
and the jump of the monoclinic angle, which increases
noticeably (Fig. 1).

It should be noted that during the low temperature X-ray
study some intermediate state between 240 and 250 K has been
observed. Additional reflections mainly of diffuse character
appeared in this temperature interval. The experimental data
give us ground to suppose that the intermediate state is
disordered, having a primitive cell. Probably, the low and high
temperature phases coexist here and the positions of the
C(CN); anions are mixed.

Finally, it is worth pointing out that the k-(BETS),C(CN);
radical cation salt is not isostructural with the corresponding
BEDT-TTF salt, (BEDT-TTF),C(CN)s,'> which exhibits a
metal-insulator phase transition at ~180 K. In that case the
phase transition was found to be of the Peierls type. The band
electronic structure predicted a doubling of the b-axis as a
consequence of the Peierls distortion, which was confirmed by
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Fig. 5 Temperature dependence of the resistivity of k-(BETS),C(CN);.
In the insert “circles” refer to the cool-down process and “crosses’ to
the warm-up process (The room temperature resistivity is ~45.5 Q cm).

taking X-ray photographs of (BEDT-TTF),C(CN); as a
function of temperature.

The temperature dependence of the resistivity of «-
(BETS),C(CN); is shown in Fig. 5 (the cooling (warming)
velocity was of approximately 1.6 Kmin~' and the room
temperature resistivity is ~45.5Qcm). Some anomalous
behaviour is clearly visible in the temperature interval 240—
260 K, the same temperature range in which some intermediate
state was observed during the X-ray study.

In order to consider how the above mentioned changes in the
donor layer influence the band structure and Fermi surface, we
have calculated the fpomo_nomo intermolecular interaction
energies,'® which are a measure of the interaction between two
HOMOs in adjacent sites of the layer, on the basis of both the
room temperature and the 50 K crystal structures (see Table 4).
There are four different types of donor---donor intermolecular
interactions in the donor layer (see Fig. 3a). Two of them
implicate donor molecules which are almost parallel to each
other (either within a dimer (a) or between two donors of
different dimers (b)) and two implicate donor molecules which
are almost orthogonally oriented (¢ and d). According to the
values in Table 4, the effect of the transition (and thermal
contraction) on the electronic structure is weak. Not only are
the changes in the HOMO-HOMO intermolecular interactions
quite modest, but also the relative change of the two strong
interactions (a and b) is weak (ie., only 10.8 and 5.1%,
respectively). In addition, the changes of the ¢ and d
interactions, although relatively large, partially compensate
each other.

These changes are not difficult to understand when the
variation in the chalcogen---chalcogen short contacts, the
directionality of the orbitals leading to the HOMO-HOMO
overlap, and the larger overlap when a Se atom is implicated in
a short intermolecular contact, are taken into account. For
instance, all chalcogen:--chalcogen contacts of interaction d
decrease at low temperature, some of them by as much as 0.2 A,
leading to an increase in the strength of the interaction. In
contrast, for interaction ¢ some of the short chalcogen---chal-
cogen contacts decrease but others increase, the final outcome

Table 4 Comparison of the absolute values of the fuomo -Homo
intermolecular interaction energies (eV) calculated for the 50 K and
room temperature structures of k-(BETS),C(CN);

Interaction type® 50K 293 K
a 0.7053 0.6366
b 0.3461 0.3294
c 0.0764 0.1051
d 0.1713 0.1205

“See Fig. 3a for labelling.

being a decrease of the interaction strength because of orbital
orientation reasons. For interaction b the changes also go in
opposite directions, leading to a small change in the strength of
the interaction, whereas four of the strong Se---Se short
contacts of interaction a decrease at low temperature, leading
to the largest change in the intermolecular interactions.
However, interaction a does not influence the dispersion of
the partially filled pair of bands of the k-phases.

Thus, the modest changes of interactions b, ¢ and d, as well as
their partial compensation, suggest that no major changes on
the electronic structure of k-(BETS),C(CN); must be expected
to result from the first-order phase transition (and the thermal
contraction). This is in complete agreement with our tight
binding calculations using the 50 K crystal structure. Both the
Fermi surface and band structure are practically identical with
those we previously reported for the room temperature crystal
structure’ and thus will not be reported here again. For
instance, using the 50 K crystal structure, the calculated area of
the lens-like closed portion of the Fermi surface and the density
of states at the Fermi level are 21.9% and 1.37 electrons per eV
and per donor molecule, respectively. These values are
practically indistinguishable from those calculated for the
room temperature crystal structure (21.9% and 1.38, respec-
tively). This explains why the first-order transition only slightly
affects the resistivity of the salt.

The excellent agreement between the calculated and
experimentally determined cross-sectional area (22%) of the
lens-like closed orbit of the Fermi surface (that the magnetic
breakdown cross-sectional area must be 100% is imposed by
the stoichiometry of the salt) fully supports the previously
calculated  two-dimensional ~Fermi  surface for k-
(BETS),C(CN)3. Thus, the origin of the reported additional
low frequency oscillations of the magnetoresistance’? still
remains elusive. The present study suggests that it is necessary
to know in detail the three-dimensional Fermi surface of this
salt in order to progress along this line. Further experimental
and theoretical studies are clearly in order

Conclusion

As a result of the present study it may be concluded that there is
a first-order phase transition in k-(BETS),C(CN); at 260 K
mainly involving the anion layer. However, this does not mean
that the changes are not (at least partially) transmitted to the
donor layer. Indeed, several Se:--S, Se:--Se and S:--S short
contacts change noticeably although these changes leave the
Fermi surface practically unaltered and thus, the transition
only weakly affects the resistivity of the salt. Interestingly, the
terminal ethylenedithio groups of BETS are ordered at low
temperature, strongly suggesting that it is the disorder in the
anion sublattice which is at the origin for the absence of
superconductivity in this k-type salt. Let us note that structural
phase transitions have also been observed in other radical
cation salts with k-type conducting layers like k-(BEDT-
TTF)4PtClg-CeHsCN,'* 16 ««(BEDT-TTF),[CuN(CN),|Br'’
and (BEDT-TTF)4(Et4N)M(CN)e-3H,O, where M =Co,
Fe.' In the present case, some intermediate disordered
state was observed in the temperature range 240-250 K. The
existence of such a kind of state has been inferred from both the
X-ray diffraction study and some peculiarity of the resistivity
curves (Fig. 5). However, the nature of the intermediate phase
could not be estimated by the traditional X-ray structure
analysis.
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