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Abstract. Two new charge transfer salts combining the EDTITF (ethylenedithiotetrathiafulva-
lene) donor and the Pd(dmit); acceptor (dmit?~ = 4, 5-dimercapto-1, 3-dithiole-2-thione) have
been prepared and characterized. The molecular structure of the (EDTTTF)2[Pd(dmit)2]s saft is
quite unusual since the Pd{dmit), entities form true trimers through two strong interactions be-
tween the Pd atoms. These trimers of acceptors form slabs which alternate with slabs of (EDTTTF)2
pairs. Band structure calculations indicate a charge transfer of one electron per ELTITF molecule
and we expect this 2:3 salt to be a semiconductor. In the (EDTTTF)z[Pd(dmit);]; salt, the EDTTTF
units form centrosymmetric pairs which pile up along [100] while the [Pd(dmit)a}» dimers pile
up along [101]. Stacks of donors and acceptors form segregated stabs which alternate along
[010]. (EDTTTE)z[Pd{dmit);]> is metallic, and our studies seggest the cccumence of a charge
transfer of 33- electrons per molecule, This salt exhibits a resistivity anomaly, a drop of spin
susceptibility and a structural phase transition at 50 K, These data combined with electronic
structure calculations show that this transition must be associated with a charge density wave
{cow) instability of the epTTTF stacks. Finally we suggest that the resistivity anomaly of the
related a-(EDTTTF)[Ni(dmit})»] salt is also due to a CDW instability of the donor siabs.

1. Imtroduction

Up to 1987 most of the research work on molecular conductors involved symmetrical
donors such as TTF (tetrathiafulvalene), TMTSFE (fetramethyltetraselenafulvalene) or BEDTTTF
{bis-ethylenedithiotetrathiafulvalene) and resulted in the synthesis of a large number
of conductive phases which display a wide range of electrical behaviours including
metallic conductivity and superconductivity [1].  The asymmetrical donors were
generally thought to be less suitable becanse they would not lead to structures with
sufficient order to allow for superconductivity. However, several groups succeeded
in obtaining conductive (and even superconductive) phases using asymmefrical -
donor molecules such as DMET (dimethylethylenedithiodiselenadithiafuivalene) [2] and
MDTTTF (methylenedithiotetrathiafulvalene) [3]. Anocther asymmetrical donor, EDTTTF
(ethylenedithiotetrathiafulvalene, figure 1(2)) was reported to give a series of phases
with interesting conductivity properties. The cation radical salts (EDTTTF)X (X =
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AuBr7, Auly, PRy, TaFg, C1O;, BFy,...) [4-5] display a4 metal-like conductivity in the
high-temperature range and (EDTTTF)z[Brz remains metallic down to very low femperature

O~

(a)

X~

(b}

Figure 1. The epTTTF (a) and M(dmit); (b) melecules (M = Ni, Pd, Pt).

On the other hand, the metal complexes M{dmit); (M = Ni, Pd, Pt and dmit =
4, 5-dimercapto-1, 3-dithiole-2-thicne}, figure 1(b)) are known to play the role of
electron acceptors with non-integer oxidation states, yielding highly conducting and even
superconducting (under pressure) systems, when associated with either donor molecules
(such as TTF) or closed-shell cations (organic, such as NR} with R = Me, Et,..., or
inorganic, such as Cs,*...) [6].

Systems resulting from the combination of the symmetrical acceptors M(dmit), with
asymmetrical donors are expected to afford interesting transport properties. Actually, two
allotropic forms (o and £) of the charge transfer complex (EDTTTF)[Ni(dmit),] have been
characterized [7]: The 8-form is a semiconductor while the a-form remains metallic down
to very low temperature and becomes superconductive (T, = 1.3 K) at ambient pressure
18]. Substitution of Pd for Ni as the metal M of the acceptor M{dmit); has yielded two
phases (EDTYTE)[Pd(dmit),)z and (EDTTTF):{Pd(dmit)z]2 [9]. The latter remains metablic
down to 500 mK and displays a temperature dependence of the conductivity similar to that
of e-(EDTTTF){Ni(dmit});]; however it does not become superconductive even under presstire
[101.

As part of a current research work which aims to rationalize the transport properties of
molecular conductors derived from metal-dmit complexes [11-18], this paper reports on the
crystal and electronic structures of the two phases (EDTTTF),[Pd(dmit);], (x : y = 2:3 and
2:2). Following the preliminary investigations of [10] and [19], the electrical and magnetic
properties and the low-temperature x-ray scattering study of the 2:2 phase are also reported.

2, Preparation and characterization

(EDTTTE:[Pd(dmit),); and (EDTTTE);[Pd{dmit),)s were obtained simultaneously by
galvanostatic electrolysis of an acetonitrile solution (60 ml) of (n-NBuy)[Pd(dmit),]

+ Or 2-thioxo-1, 3-dithiole- 4, 5-dithiolato.
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Table 1. Non-hydrogen atom fractional coordinates and equivalent isotropic temperature factors
for (EDTT1F)z[Pd(dmit)z]3 with estimated standard deviations in parentheses,

Atom  x/a 7 z/c B (A%

Pd(1)  0.500 0.500 0.500 2.372)
S(11)  0.6278(2)  04874(2) 034913}  2.70(5)
S(12)  08271(2)  06182(2)  03954(3)  3.04(5)
S(13)  099%07(2)  0.7887(2)  05759(4)  4.98(7)
5(14)  08083(2)  0.743%(2)  0.7116(3)  3.16(5)
S(15)  0.6044(2)  06316(2) 070153  2.71(5)
C(1l) OTITHT)  0.5868(6)  0.464(1) 2402
C(12) 088177y  07200(6)  0.562(1) 3.0020
C(13) 07071(6)  0.6476(6)  0.617(1) 2302
PA(2) 0.40385(5) 0.62818(4) 026084(8) L96(I)
S(21) 05191(2)  0.6243(2)  00906(3)  2.54(5)
S(22)  07188(2)  0.7610(2)  0.1326(3)  2.54(5)
$(23)  0.8682(2)  09458(2)  0.2944(3)  3.68(6)
5(24)  0.6944(2)  0.8894(2)  0.4385(3)  2.83(5)
5(25) 0.4963(2)  0770%2)  0.4405(3)  2.65(5)
S(26)  02992(2)  04906(2)  0.0735(3) 2555
5(27)  00791(2)  04049(2)  0.04523)  3.0(6)
S(28) —0.1165(2)  0386%2)  0.1654(4)  4.54(7)
S(29) 0.0664(2)  05369(2)  03606(3)  2.97(5)
S(30)  02843(2)  06394(2)  04262(3)  2.56(5)
C21) O0.6097(6)  0.7263(6) 02051y 2000
C(22) 0.7675(6)  0.8693(6)  0.290(1) 2.6(2)
C(23) 05986(6)  0.7860(5)  0.3496(9)  19@2)*
C4)  0.190246)  04902(6)  0.151(1) 21020
C(25) 0003%7)  04392(6)  0.18%(1) 3.002)°
C(26) 0.18426)  05522(6) 030K 212

S(1) 0.4671(2) 0.8040(2) 0.9164(3) 3.00(5)
8(2) 0.3423(2) 0.9119%(2) 0.7361(3) 3.29(8)
5(3) 0.6765(2) 0.9291(2} 0.9146(3) 2.80(5)
S(4) 0.5600(2) 1.0395(2) 0.7293(3) 2.55(5)
5(5) 0.8840(2) 1.0293(2) 0.9410(4) 4,80(7)
5(6) 0.7456(2) 1.1650(2) 0.7187(3) 3.39(6)
C(1)  0333%(7) 0.7728(6) 0.871{1) 3328
C(2) 0.2783(7) 0.8219(7) 0.792(1) 3.52%
C(3)  0.7492(6) 1.0186(6} 0.868(1) 2502
Ci4)  0.6952(6) L.0G95(6) 0.783(1) 232
Ci5) 0930007 1.1417(6) 0.914(1) 3.6(2°
C(6)  0.8825(8) 1.1524(7} 0.747(1) 4.3(2)*
7y 0.4652(6) 0.8963(6) 0.825(1) 2202
C(8) 0.5564(5) 0.94580(6) 0.821(1) 2302

2 Refined isotropically.

(44.03 mg, 0.059 mmol) and EDTTTF (9.73 mg, 0.033 mmol) carried out in a nitrogen-flushed
U-type cell where the anodic and cathodic compartments were separated by a medium-
porosity glass frit. Platinum electrodes were used. The cell was thermostated (20 °C) and
the current (7 = 1 A, current density = 1.6 x 1075A cm™?) was held constant, After three
weeks black platelets formed on the anode and were coliected by filtration, washed with
acetonitrile and vacuum-dried.

Two phases of stoichiometry 2:2 and 2:3 were identified, the stoichiometry of these
phases was deduced from the x-ray study (vide infra). Actually, only one crystal of the 2:3
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phase was isolated by chance; no other crystal of this phase could be sorted out, All crystals
used for subsequent physical studies were thus routinely checked for their cell parameters;
all of them were the 2:2 phase.

3. Crystal structures

Intensity data were collected at room temperature on an Enraf-Nonius automatic four-
circle diffractometer using monochromatized Mo Xa (A = 0.7107 A) radiation and @-20
scan mode with variable-speed technigue. The structures were solved by direct methods
[20] and refined by standard full-matrix least-squares and Fourier procedures [21]. All
hydrogen atoms were located on Fourier difference maps and introduced in idealized

positions {de_y = 0.95 A) with arbitrary isotropic temperature factors U = 0.05 A2

3.1. (EDTTTF )of Pd(dmit)s ]3

Triclinic, Pl,a = 13.2102),b = 14.687(2),c = 8.528(1) Ao = 105.84(2), 8 =
101.36(2), y = 95.87(1)°, V = 1539.1(7) AB, Z = 1 for C34H;2Pd3S4, u = 22.6 cm™!.
Out of the 2536 independent reflections measured in the range 2 € @ < 20°, 1931 having
|Fl > 20(|Fsl) were considered observed and used in the calculations. The palladium
and sulphur atoms were assigned anisotropic temperature factors, the carbon atoms being
refined with isotropic temperature factors. Final R and Ry, values were 0.027 and 0.031 for
273 variable parameters. Non-hydrogen atom coordinates are given in table 1; atoms are
labelied accerding to figure 2.

The molecular structure shows a somewhat unusual feature: the Pd{dmit), entities form
true chemical trimers through two strong interactions between the palladium atoms; the
Pd-Pd distance is 3.30 A (figure 3(a)). In 2 trimer the three Pd{dmit); entities are fully
eclipsed; the occurrence of the strong Pd-Pd interactions is demonstrated by the planarity
of the central centrosymmetric entity while the external ones are bent because of sulphur—
sulphur repulsions (the angle between the two dmit mean planes of an external Pd(dmit),
unit is 14°). Such an association of three Pd(dmit), molecules has never been reported
before.

In contrast with the neutral EDTTTF molecule (figure 4(a)) [9, 22], the oxidized EDTTTF
unit in this compound is planar except, of course, for the ethylenic residue (figure 4(b)).
Figure 5 shows a part of the crystal packing, Slabs of EDTTIF entities, parallel to (010),
alternate along the [010] direction with slabs of [Pd{dmit),]; trimers. The slabs of the
donor are built of columns parallel to [001], made of centrosymmetric dimers which show
an eclipsed overlap of the TTF moieties (figure 6). The distance between the mean planes
of the two molecules of a dimer is 3.325 A. The molecular planes are not perpendicular
to [001): the longitudinal molecular axis makes an angle of 70° with the stacking direction
and the transverse molecular axis makes an angle of 52° with the stacking direction; as a
result, two EDTTTF molecules which belong to two adjacent dimers do not overlap. Within
an acceptor slab the [Pd(dmit);]s trimers lie side by side. The mean molecular plane of
the acceptor is almost perpendicular (90.5°) to that of the donor. Details of the shortest
(<3.7 A) intermolecular sulphur-to-sulphur contacts are shown in table 2.

3.2. (EDTTTF)2[Pd{dmit)z ]2

Triclinic, PI,a = 7.595¢1),6 = 26952(4),c = 6.453(3) A.a = 93.11(3),8 =
111.19¢2), ¥ = 91.75(1)°, V = 1228.0(7) A®, Z = 2 for C14HePdSig, p = 20.8 cm™.
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Figure 2. Atom numbering used for the x-ray diffraction study of (EDTTTF)2[Pd(dmit);)s (a, b)
and (EDTTTF);{Pd{dmit);]> (a, c).

Out of the 3420 independent reflections measured in the range 2 < 8 < 23°, 2730 having
|Fo| > 20 (| Fp|), were considered observed and used in the calculations. All non-hydrogen
atoms were refined using anisotropic temperature factors. Final R and R, values were
0.023 and 0.030 for 298 variable parameters. Non-hydrogen atom coordinates are given in
table 3; atoms are labelled according to figure 2.

As usnaily observed in most of the previously studied palladium cornplexes with the
dmit ligand [12, 23-25], the Pd(dmit); molecules are paired through a strong interaction
between the palladium atomsf; the Pd-Pd distance is 3.09 A (figure 3(b)). The two units
forming the dimer are fully eclipsed, which results in a central bending of the Pd(dmit},
units due to the sulphur—sulphur repulsions (the angle between the mean dmit planes is 6°).
In contrast to the 2:3 phase the oxidized EDTTTF species is not planar and displays a boat
conformation: the dihedral angles between the mean planes defined by the atoms S(1), S(2),

t+ This is the reason for writing (EDTTTE) [Pd(dmit)z)o instead of (EDTTIF)[Pd(dmit);].
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Figure 3, Side view of the [Pd{dmit),]3 trimers (a} in (EDTTTF)2{Pd(dmit)2)s and [Pd(dmit)2]z
dimers (b} in {EDTTTF), [Pd(dmit)s]z.

S(3}, S(4), C(7), C(8) on the one hand and 5(1), §(2), C(1), C(2} and 8(3), S5(4), C(3), C(4),
S(5), S(6) on the other hand are 3° and 10° respectively (figure 4{c)).

Figure 7 shows the molecular packing of (EDTTTF)z[Pd(dmit);]: the EDTTTF units form
centrosymmetric pairs which pile up along [100] while the [Pd(dmit);], dimers pile up
along [101] {figure 8). The adjacent stacks of the donor and of the acceptor form slabs
parallel to (010) which alternate along [010]. Details of the shortest (<3.7 A) intermolecular
sulphur-to-sulphur contacts are shown in table 4.

To some extent the parent compound «-(EDTTTF)[Ni(dmit),] displays a similar structure
with different stacking directions for the donor and acceptor molecules [7] and similar modes
of overlap for the donor molecules (figure 9). However an important difference lies in the
relative positions of the M(dmit), entities, which lead to quite different structures for the
anionic stacks. The strong dimerization of the Pd(dmit): anions in (EDTTTF):[Pd(dmit),]2
results in an eclipsed intradimer overlap alternating with an interdimer overlap characterized
by a longitudinal and transverse offset (figure 10(a)). In contrast, the Ni(dmit), anions in «-
(EDTTTE)[Ni(dmit);] form regular stacks in which they are slipped sideways (figure 10(b)).
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Figure 4. Side view of the EDTTTF molecule in neutral EDTTTF (a), (EDTTTF)2[Pd{dmit)z]; (b)

and (e0TTTE):[Pddmith]s (c).

Figure 5. Crystal packing of (EDTTTF);[Pd(dmit)]3.

This has important consequences for the electronic structure, which will be discussed in the
next section.
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Figure 6. Stacking mode (a) and mode of overlap of the EpTTTF molecules within a
centrosymmetric dimer (b) in (EDTTYF); [Pd(dmit)z]s; primed labels refer to the ‘white' molecule.

4. Electronic structure

The physical properties of several M(dmit), (M = Ni, Pd, Pt) charge transfer salts have
been quite successfully rationalized on the basis of tight-binding extended Hiickel type
calculations {11-14, 16-17]. A previous study of Cs[Pd(dmit);]> [12] proved that the
main features of the band structure and Fermi surface of this salt were independent of the
use of single-{ or double-¢ Slater-type orbitals. Thus, in order to comrelate the crystal
structure (section 3) and the transport properties (section 5) of (EDTYTF),[Pd{dmit),]; and
(EDTTTF);[Pd(dmit);]; we decided to carry out a single-¢ tight-binding extended Hiickel
study {26] of their electronic structures and to compare the results for the 2:2 salt with
those of the parent compound a-(EDTTTF)[Ni(dmit);]. The exponents and parameters used
in our calculations were taken from previous work [17]. The weighted Wolfsberg—Helmholz
formula was used in the calculation of the non-diagonal matrix elements of the Hamiltonian
[27].

4.1. (EDTTTF): [Pd(dmit)s ]

The calculated band structures for the EDTTTF and Pd{dmit), slabs of (EDTTTF);[Pd{dmit); }5
are shown in figures 11{a) and 11(b), respectively. The unit cell of the donor slabs contains
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Table 2. Intermolecular S. .. § distances (A) less than 3.7 A in (EDTTTE)z[Pd(dmit)s]s.

Atom 1 Atom 2 Distance Symmetry operation for atom 2
donor, . . donor

5(1) S(4) 33623) l=-x,2-=y2—z2
S(2) S(3) 331%4) 1-x2-y2-z
S(2) 5(6) 36394 1—x2-y,1—2z
3(5) 5(5) 330%3)) 2—-x,2~y2-2
donor. .. acceplor

§(1) 8(15) 357(3) x, ¥z

(1) 8(21) 3432(4) x 3,14z

S(1) S(22) 36743 xyl+z

S(2) S(23) 3660(4) l1—x,2—y,1-2z
S(2) S5(24) 3656(4) 1—-x2-y,1-z
8(3) 5(14) 3.606(3) x,y.z

5(3) S5(22) 3.5014) x.oy 14z

5(3) 5(23) 36313y xoyl+z

S{4) 5(25) 35554 1-x2-y1—2
5(5) S(23) 3.586(5) x,y. 14z

S(6) 8(25) 35434) 1-x,2-y 1~z
(6 S(30) 34534) 1-x2—y 11—z
acceptor. . . acceptor

intratrimer

S(11) S¢21 3.565(4) x.yz

3(12) 8(22) 3.657(4) x,y.z

5(12) S(29) 36804) 1-x,1-y1-z
8(i4) s@n 36354) I=-x,1-y, 1=z
8(15) 8(25) 3.604(4) =x, ¥,z

intertrimer

S(11) S(21) 3694(3) I=x,1l—y,—z
S(12) 5(28) 36604y 1+x,y.z

5(12) 529 35284 l+4x,y,.z

3(15) 5(22) 3583(33) =x,y,1+4+z

5(21) 8(21) 3.492(3) 1—x,1~y,—z
S21) 8(26) 3380(3) I-—x,1-y -2
5(22) S(26) 35973 I1—x,1-y,—z
529 5(29) 3.5474) -x,'-y 1~z

two molecules so that the band structure of figure 11(a) contains two bands built from the
two EDTTTF HOMOs (highest occupied molecular orbitals). The unit cell of the acceptor
slabs contains a trimeric [Pd(dmit),]s unit. In addition, since the HOMO and LUMO (lowest
unoccupied molecular orbital) of Pd(dmit); are quite close in energy (~0.4 eV according
to the single-¢ calculations), the band structure of figure 11(b) contains three HOMO and
three LUMO bands. As is the case for the slabs containing [Pd(dmit);], dimers [I1-14]
there is no net separation between the HOMO and LUMO bands. In fact two of the LUMO
bands stay lower in energy than the higher HOMO band. The essential features of figure
11{b) are that all the bands are very flat and that there is a clear energy gap between the
fourth and fifth bands from the bottom. This suggests that (a) the acceptor slabs should
not be the main contributors to the conductivity of this salt and (b) the oxidation state of
the trimeric units should be [Pd{dmit),]3”. As described in section 3.1, the asymmetrical
nature of EDTTTF leads to the presence of dimeric units with four short S--- S interactions
{(see figure 6(b) and table 2). The eclipsed overlap of the two TTF moieties leads to a very
strong BuoMo-somMo interaction energy (0.72 eV) [28]. These dimers form chains along the
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Figure 7. Crystal packing of (EDTTTF);[Pd(dmit);]7.

¢ direction and are arranged in such a way that the contacts between the successive dimers
are through the sulphur atoms of the outer six~membered rings (see figure 6(a)). Since,
as in BEDTTTF [28], the contributions of the outer sulphur atoms to the HOMO are only
about one-third of those of the inner sulphur atoms, the Buomo-nomo interaction energy
along the ¢ direction is non-negligible but small (0.12 V). The interaction energies along
the other directions of the slab are all extremely small. Thus the band structure of figure
11(a) exhibits two strongly split HOMO bands with a dispersion that is relatively weak and
only along the ¢ direction. The strong band splitting suggests that the upper HOMO band is
empty in agreement with the proposed —2 oxidation state for the [Pd{dmit);]; trimeric units.
Thus we believe that the EDTTTF donors in (EDTTTF)2[Pd(dmit);]s are in a +1 oxidation
state and that the temperature dependence of the conductivity of this salt should be of the
semiconducting type.

4.2. (EDTITF )b [Pd(dmit)h ],

The calculated band structures for the EDTTTF and Pd(dmit); layers of (EDTTTF)[Pd(dinit); ),
are shown in figures 12(a) and 12(b), respectively. Let us recall that the EDTTTF donors and
the Pd(dmit), acceptors pile up along the a and (@ + ¢) directions, respectively. Since the
charge transfer in (EDTTTF);[Pd{dmit)2]> is not known, we have reported in figure 12 the
Fermi levels appropriate for different electron transfers: % (cF), 2—(5{,) and one (gf) electrons
per molecule. The two EDTTTF HOMO bands are quite dispersive along a* and practically
coincide at the X point. This means that although the two interactions along the chains
are geometrically different, from the electronic viewpoint they are very similar. The higher
HOMO band is also quite dispersive along the interstack direction so that the Fermi surfaces
will be closed for many electron counts. It should be remarked that the two HOMO bands
overlap so that the EDTTTF slabs should be metallic whatever the electron transfer.

As discussed in section 3.2, the Pd(dmit), units of the acceptor slabs are strongly
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Table 3. Non-hydrogen atom fractional coordinates and equivalent tsotropic temperature factors
for (EDTTTE); [Pd(dmit)a]s with estimated standard deviations in parentheses.

Atom x/a y/b zfc B (A")

Pd 032001(3) 0.5236%(1) 0.34832(4) 1.795(6)
S(11)  0.1462(1)  046147(3) 04274(1)  2212)
5(12) —0.0259(1}  036455(4) 0.1832(2)  2.55Q)
S(13) —0.1239(2)  0.28799(4) —0.1923(2)  3.38(2)
S(i4)  0.0850(1)  0.38286(4) —0.1925(2)  2.63(2)
S(15) 0.2861(1)  0.48057(4) 0.0170(2}  2.49(2)
S(16)  03293(1)  0.56832(3) 0.6669(1)  2.19(2)
S(17)  04751(1)  0.67220(4) 084742)  2.84(2)
S(18) 0.6658(2)  0.76945(4) 0.8527(2)  4.28(3)
5(19) 0.601%(1)  0.69111(4) 04857(2) 2872
$(20) 0.4746(1)  0.58951(4) 0.2605(2)  2.46(2)
C(11) 0100604y  0420%1)  0.2040(6)  1.83(7)
C(12) —0.0260(5)  0.3421(1) —0.0735(6)  2.28(8)
C(13) 0.1564(5)  0.4294(1)  0.0249(6)  2.00(8)
C(14)  04374(5)  0.6228(1)  0648%6)  1.92(N
C(15) 0.5847(5)  0.71410)  0.7336(6)  2.63(9)
C(16)  04964(5)  0.6322(1)  04731(6)  2.12(8)

S(1)  0.2520(2)  1.04904(4) 0.2323(2)  330(2)
S(2)  03043(2)  107196(4) O7163(2)  3.19(2)
53}  0.1074(1)  094014(4) 02916(2)  2.80(2)
S(4)  02506(1) 096011(4) 07776(2)  2.81(2)
S(5) 0.0153(2)  0.83383(4) 02965(2)  4.01(3)
S(6)  0.1982(2)  085744(4) 087922  439(3)
C() 036876y  11066(2)  03317(T)  3.8(D)

C(2)  043226) L1702  0.5509(8)  3.8(D

C(3)  0.1100(5)  0.8895(1)  0.4527(6)  2.60(8)
Cd)  0.1774(5)  08985(2)  067436)  2.74(9)
C(5) —00407(6) 0.8008(2) 05037  3.8(1)

C6)  0.1299(6)  0.798K2)  071798)  4.2(D)

Oy 02821(5)  1.0286(1)  049346)  2.51(9)
C8)  0221(5)  09824(1)  0.5191(6)  2.30(8)

dimerized. As usval in M(dmit); salts with strong dimerization [11-14], the lowest
combination of the two Pd(dmit); LUMOs (‘IJE'UMO) is lower in epergy than the highest
combination of the two Pd(dmit), HOMOs (¥ o) because the strong dimerization leads
to a large splitting of each orbital pair which overcomes the initial HOMO—LUMO gap. As
shown in figure 12(b), the intermolecular interactions within the slabs do not change this
level ordering so that the third band from bottom is the W40 band. Since Pd(dmit),
acts as an acceptor and there are two Pd(dmit), units per repeat unit of the slab, for any
plausible electron transfer (i.e. between zero and one electrons per molecule), the W0
band will be partially filled. Thus, the partially filled levels of both the donor (EDTTTF} and
the acceptor [Pd(dmit),] partners in this salt are built from the HOMO of the monomeric
units.

Because the charge transfer (p) in (EDTTTF);[Pd(dmit);}> is not known, we have
calculated the Fermi surfaces for both slabs as a function of p. Those for the values
of 1, 3,2 and one electron per molecule are shown in figures 13(a), 13(b), 13(c) and 13(d),
respectively. The full and dashed lines in these figures correspond to the Fermi surface of
the EDTTTF and Pd(dmit); slabs, respectively. The Fermi surface of the EDTTTF slabs is
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[100]

(a) (b)

Figure 8. Side view of the stacks of EDTTTF molecules (a) and [Pd(dmit);]z dimers (b} in
(EDTTTE)2[Pd(dmit)z]2. The plane of the picture is defined by the stacking axis and the longest
molecnlar axis.

(b)

Figure 9, Comparison of the modes of overlap of the eDTTIF molecules in a-(E0TTIF)[Ni(dmit)s]
(a) and (EDTTTE)2[Pd(dmit);]2 (b): intradimer (top) and interdimer (battorn).

closed for small electron transfers, becomes open for larger electron transfers (between 0.6
and 0.8 electrons per molecule) and then closes again. The Fermi surface of the Pd(dmit),
slabs is also closed for small and large values of o but becomes open for values around 'Ii
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(b)

Figure 10, Comparison of the modes of overlap of the M(dmit)z entities in
(EDTFTF)2 [Pd(dmit)2]> (a) and a-(EOTTTR)[Ni(dmit);] (b).

For p =1 the W0 band is completely filled and the acceptor slabs do not contribute to
the Fermi surface. Some of these Fermi surfaces possess nesting vectors which could be at
the origin of the resistivity anomaly of (EDTTTF);[Pd(dmit);],. This point will be discussed
in detail in the last section of this work.

4.3. a-(EDTTTF){Ni(dmit)s]

As mentioned in section 3.2, although the crystal structures of the two salts
(EDTTTF);[Pd(dmit)z]; and e-(EDTTTF)[Ni(dmit);] are similar, they exhibit some interesting
differences. Since both salts exhibit a resistivity anomaly at low temperature, we thought
that a comparison of the electronic structures of the two salts could provide some clue to
understand the origin of such anomaly. Although a complete study has been carried out
[29], we only report here the results relevant for the subsequent discussion.

The main difference between the two crystal structures deals with the structure of the
acceptor M(dmit), slabs. The unit cell of the Pd(dmit); slabs contains two identical and
strongly dimerized M(dmit) units. In contrast, the unit cell of the Ni(dmit); slabs contains
two slightly different but non-dimerized M(dmit); units. As we have shown elsewhere
[14], for non-strongly-dimerized M(dmit), systems there is usually no inversion between
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Table 4, Intermolecular S...S distances (A) less than 3.7 A in (EpTTTF)2[Pd(dmit)s]a.

Atom |1 Atom 2  Distance  Symmetry operation for atom 2
donor. . . donor

S(1) 5% 3.529¢2) —x,2-y, -z
S(1) S(4) 3.6832) x,y,~14z

5(2 S(d) 35732 1-x,2-y2-z
S(2) (6 36442y 1-x2-y2-:z
5(3) 8(6) 3.648(2) x,y,~-1+:z

S(5) 8(6) 3.524(2) x,y, =14z
donor. . . acceptor

5(5) §(13) 3.5002) —-x,1~—y,—z
5(5) 5(18) 34575y —l4=xy,-1+4+z
aceeplor. . . Accepior

intradimer

S(11) 5200 3.2545) 1-x1-y1-z
S(12) S$(19) 3.58535) l1-xl—-»1-2z
S(14) SN 3.689(5) l—-x,1=y1=-z
8(15) S(16) 32636 1-x1-y1-z
interdimer

S(11) S(11) 342003) —-x,1—y 1-2z2
S(11 5(14) 34722) x, oy, 14z

s(n 8¢15) 3.563(5) =x,y. 14z

S(11) 5(16) 3.498(5) —=x,y, 14z

5(12) 3(16) 3.346(5) =x, 1=y, 1=z
S(12) 5017 34575) =x. 1=y, 1~z
S(13) S(19) 3.515(5) —x,1—y.-z
S(14) S(i6) 3.515¢5) —x,l—y, -z
8(15) S(15) 34699 1-x,1-y,—z
§(15) 5(16) 3445 x,y.~14z

S(15) S(20) 3.5036) 1—x,1=y,=-z
5(16) S(20) 358K xyl+z

ST §(20) 3.56768) x, 3141z

the lIfL"UMO and Wyomo levels. However, since the Ni---Ni interactions are weak, it is
very easy to shift slightly these two levels by changing the nature of the anions. The
calculated band structure for the Ni{dmit)z slabs of «-(EDTTTF)[Ni(dmit),] is shown in
figure 14. (Note that because of the different choice of the crystallographic axes used for
~(EDTTTF)[Ni{dmit)-] [7] the Ni(dmit); acceptors pile up along the & direction whereas the
EDTTTF donors pile up along the (a + b) direction.) In this case the Wy and Wiomo
bands appear at the same energy region and undergo several avoided crossings (indicated
with dots in figure 14). As a result, the partially filled band of the Ni(dmit), slabs in &-
(EDTTTF)[Ni(dmit);] is a half and half mixing of these two bands. In addition, as can be
realized from figure 14, the intended Wyoyy, band is dispersive along both the intrachain
(' = Y) and interchain (" — X) directions and thus is a 2D band. In contrast, the
intended Wi, band is more dispersive along the infrachain than along the interchain
direction and thus is a pseudo-1D band. Consequently, since the partially filled band results
from the weak hybridization of a 2D and & pseudo-1D band, for many electron transfers
the Fermi surface will contain both open and closed components. This is clearly seen in
the Fermi surface for p = % shown in figure 15(a). The Fermi surfaces for the acceptor
slabs of or-(EDTTTF)[Ni(dmit);] are then very different from those of the acceptor slabs of
{EDTTTF);[Pd(dmit)s}». By contrast, the band structures of the EDTTTF slabs of the two salts
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Figure 11, Dispersion relations calculated for the HoMo bands of the EDTTTF slabs (a) and the
HOMO and LUMQ bands of the Pd{dmit); slabs {b) in (eoTTTF)2[Pd(dmit);13. I, X, Z and 8§ refer
to the wavevectors (0, 0), (a*/2, 0}, (0, c*/2) and (—a*/2, c*/2), respectively.

are very similar. The calculated Fermi surfaces for the donor slabs of a-(EDTTTF)[Ni(dmit)z]
are closed for small electron transfers, become open for larger electron transfers and close
again for higher electron transfers. The Fermi surface for p = 1 is shown in figure 15(b).
The only difference between the EDTTTF Fermi surfaces of the two salts is the range of
electron transfers for which these surfaces are open: 0.45-0.65 for o-(EDTTTF)[Ni(dmit);]
and 0.6-0.3 for (EDTTTF)2[Pd(dmit);]». With all these results in mind it is quite obvious that
the similar resistivity anomalies of (EDTTTF):[Pd(dmit):]> and «-(EDTFTF)[Ni(dmit}:] should
be related to some electronic instability of the EDTTTF slabs. At this point we must turn oor
attention to the temperature dependence of transport, magnetic and structural properties of
(EDTTTF)y [Pd({dmit)s]5.

5. Transport and magnetic properiies

5.1. Conductivity measurements

5.1.1. Experimental details. Four-probe conductivity measurements were carried out using
a Krohn Hite alternating current source (77 Hz) and a lock-in detector PAR model 5208.
Evaporated gold pads were deposited on the crystal before sticking the four gold wires
{d = 17 pum) with silver paint (Dupont de Nemours).

5.1.2. (EDTTTF);f Pd(dmit);J;. The conductivity was measured by the four-probe method on
the same crystal used for x-ray structure determination. The room-temperature conductivity
is quite high, ogr = 120 S cm™!; unfortunately the temperature dependent electrical
behaviour could not be determined (the crystal broke upon cooling). No other single crystal
of this phase could be obtained to complete the electrical measurements,
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Figure 12, Dispersion relations calculated for the HOMO bands of the EDTTIF slabs () and the
HOMO and LuMO bands of the Pd(dmit); slabs (b) in (EDTTTF)z[Pd(dmit}2]2. The FPermi levels
denoted 5, £f: and eff are those appropriate for charge transfers of §, § and one electrons per
molecule. I', X, Z and S refer to the wavevectors (0, 0), (@*/2, 0), (0, €*/2) and (—a* /2, ¢*/2),
respectively.
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(d)

Figure 13. Fermi surfaces for the EDYTTF (full lines) and Pd{dmit); slabs (dashed lines) of
(EDTTTF); [Pd(dmit)]); calculated assuming a charge transfer of § (a), 4 (), 3 (c) and one (3)
electrons per molecule,

5.1.3. (EDTITF)o[Pd{dmit)»J». The electrical behaviour of (EDTTTF)z{Pd(dmit);]» has been
discussed in a previous paper [10] and compared with that of ¢-(EDTTTF)[Ni{dmit);]. Let
us just recall that under ambient pressure both compounds remain metallic down to very
low temperature. A resistivity hump, observed in both cases at 50 K and 15 K respectively,
has been assigned to charge density wave instabilities. In order to check this assertion,
low-temperature X-ray diffuse scattering experiments were undertaken (ses section 6).

3.2, SQUID measurements of (EDTTTF)ofPdfdmit); ]

5.2.1. Experimentql details. The magnetic susceptibility Xmess Was measured in a field of
2 T and every 2 K from 300 to 4 K, using a Quantum Design MPMS SQUID magnetometer.
150 or so, black and shiny platelet-like crystals, of mass 2.60 mg, were mounted inside a very
flat sample holder, home machined from a commercial rod of polychlorotrifiuoroethylene
(PCTFE). In order to get the molar Xmess Of the crystals, the diamagnetism [30] of this
sample holder was subtracted from the measurements performed in the same conditions on
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X r Y r 8
Figure 14, Dispersion relations calculated for the HoMo and LUMO bands of the Ni{dmit), slabs
in a-(EDTTTFA)[Ni(dmit);]. The dashed line refers to the Fermi level for a charge transfer of i
electron per molecule. T, X, Y and S refer to the wavevectors (0, 0), {(a*/2, 0), (0, b*/2} and
(—a*/2, b* /2), respectively.

the material, Care was taken to pump conveniently the airlock access of the experimental
chamber in order to remove oxygen, any presence of which, in the vicinity of the sample
holder, is reported by a jump of x especially around 50 K. It has been checked, at 5 K,
10 K and 20 K, that the susceptibility of the crystals plus the sample holder was not field
dependent up to 4 T.

3.2.2. Results Figure 16 displays the temperature dependence of the molar static spin
susceptibility x; of the studied crystals. ¥, has been obtained from the molar ¥mess following
Xmess = Xdia + ¥s + C/T. The diamagnetic contribution yg. of the elements has been
estimated from Pascal’s constants [31]. In order to be consistent with a previous study [32]
performed upon (TTF)[M(dmit);], with M = Ni or Pd, the C = C constitutive corrections
have not been taken into account. Hence x4, can be evaluated to —7.33 x 10~* cgs mol ™.
Below 40 K appears a Curie tail, which is the signature of paramagnetic impurities. A linear
regression of (T Xmess) against T gives a Curie constant C equal to 7.2 x 10~%cgs K mol ™.
This corresponds to 0.2% of free spin-% impurities per formula upit, a value which is
very similar to that measured [32] in (TTE)[Ni(dmit);]>. x; jumps by a factor of two
between 45 and 50 K, about the temperature at which a resistivity hump and a structural
modulation (sec section 6) are observed. Above 50 K x; is temperature independent as
expected from a standard Pauli-like behaviour (), = 3.7 x 10~* ¢gs mol~"). Below 45 K
Xs is also temperature independent, in agreement with transport measerements showing that
(EDTTTF)2[Pd(dmit);]; retains its metallic character. However, the decrease of xp by a factor
of two suggests that about 50% of the density of states at the Fermi level is removed at the
phase transition, the origin of which will be discussed in section 7.

6. Low-temperature x-ray scattering investigation of (EDTTTF):[Pd(dmit), ]2

As in previous studies of structural instabilities of organic conductors [12], the
experiment has been performed with the so-called fixed film—fixed crystal method, using a
monochromatized Cu Ko (A = 1.542 A) x-ray beam as incident radiation. Temperatures
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Figure 15. Fermi surfaces for the Ni(dmit), (a) and EDTTTF slabs (b) of a-(EDTTTR)[Ni(dmit);]
calculated assuming a charge transfer of % electron per molecule.

regulated in the range from 25 K to room temperature were obtained with a closed-circuit
cryostat, A single crystal of (EDTTTF);{Pd(dmit);]; having a needle shape (2 mm long and
few tenths of a mm of thickness) was glued to the sample holder in good thermal contact
with the cold finger of the cryocooler. The sample was oriented with respect to the incoming
x-ray beam in such a way that the (a*, ¢*) reciprocal plane, associated to the (010) slabs
of identical molecules, was projected on the photographic film.

Evidence for a low-temperature structural distortion is given by the x-ray patiern shown
in figure 17. This x-ray pattern, taken at about 25 K, shows (black arrows) supplementary
sharp Bragg reflections of very weak intensity. Such weak reflections vanish into a broad
diffuse scattering upon heating above a critical temperature T, estimated at 4545 K. About
10 superlattice spots are observable on the x-ray pattern of figure 17. They can be indexed by
the commensurate reduced critical wave vector g. = a*/4+ ¢*/2 in the (a*, ¢*) reciprocal
plane. Their b* component has not been determined.
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Figure 16. Temperature dependence of the molar static spin susceptibility of single crystals of
(EDTTTF)2(Pd(dmit)2)?. The magnetic field (2 T) was perpendicular to the plane of the platelets.
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Figure 17. X-ray pattern of (EDTTTF)[Pd{dmit)»}, at 25 K showing (black arrows) the g,
superlattice spots. The a* and c* reciprocal directions are indicated.

7. Discussion

The two charge transfer salts (EDTTTF),[Pd(dmit);]; and a-(EDTTTF)[Ni(dmit),] have similar
crystal structures and resistivity anomalies. However, our study of the correlation between
their crystal and electronic structures shows that this similarity is only partial. The difference
in the dimerization degree of the M(dmit); slabs, i.e., absence of dimerization in o-
(EDTTTR)[Ni(dmit),] but strong dimerization in (EDTTTF),[Pd(dmit),],, leads to a completely
different electronic structure for the acceptor slabs of the two salts, Thus, the partially filled
band of the acceptor slabs of (EDTTTF),[Pd(dmit),], is built from the Wy, orbital whereas
that of a-(EDTTTF)[Ni(dmit),] is built from a half and half mixing of the ¥5guo and ¥iiuvo
orbitals. This leads to Fermi surfaces which are quite different. In contrast, the electronic
structures of the donor slabs of the two salts are very similar, In view of the similarity
of the resistivity anomalies of the two salts we conclude that the EDTTTF donor slabs are
at the origin of the resistivity anomalies. Analysis of the transverse magnetoresistance in
o-(EDTTTF)[Ni(dmit),] [33] led to the same conclusion for this salt. However, our study
allows us to go a step further in understanding the physical! behaviour of these salts,
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Figure 18. Fermi sorface for the EpTTTF slabs of (EDTTTFz[Pd{dmit)>}; calculated assuming a
charge transfer of E electrons per molecule. The critical cow wave vector g’ is also shown.

The strong reduction of the magnetic spin susceptibility at the onset of the resistivity
hump, and at the same temperature at which superlattice spots can be detected in the x-ray
patterns of (EDTTTF)2[Pd(dmit),];, clearly prove that this salt undergoes a charge density
wave (CDW) structural transition at about T, = 40-30 K. Such features which affect both
the charge and spin degrees of freedom are expected from a regular Peierls mechanism.
However as the metallic state is retained below T with only a reduction of 50% of the
density of state, only a partial gap opening is achieved by the CDW-Peierls transition in the
conduction band structure at the Fermi level. In order to understand more deeply the origin
of this CDW transition we need to compare the experimentally determined critical wave
vector g with the possible nesting vectors of our calculated Fermi surfaces as a function of
p. In addition this will lead us to determine the approximate charge transfer p for this sait.
The best agreement occurs for the Fermi surface of EDTTTF calculated for a charge transfer
of 0.75 where, as shown in figure 18, the a*+ ¢* — ¢, = %a.* + ¢*/2 = q’ wave vector
nests a large part of its flat portions. In this respect it is interesting to remark that the valoe
0.75 of the charge transfer p of (EDTTTF)2[Pd(dmit}:]s is comparable to that suggested [16,
17] in (TTF)[Pd(dmit)2]>.

What is the physical meaning of these results? The warped lines of the 1D Fermi surface
of figure 18 are perpendicular to the @ direction which, as mentioned, is the direction along
which the EDTTTF donors pile up. Given the quasi-1D character of the Fermi surface, the
a* component of g’ should correspond to the 2kg wave vector. Since the stack contains
dimer units, its value (3/4) corresponds to the charge ransfer which, consistently, coincides
with the value used to calculate the Fermi surface. The ¢*/2 component means that the
CDW modulations are out of phase between successive chains of the EDTTTF donor slabs,
probably in order to minimize the Coulomb interactions. At this point it is interesting to
note that the best nesting wave vector for the Fermi surface of figure 18 is %a.* 4 0.58¢%,
i.e., the transverse component is slightly different from the observed one. This means
that there is a competition between the Coulomb interactions, which tend to impose the
commensurate value 0.5 ¢*, and the interchain overlap interactions, which tend to impose
the incommensurate value 0.58 c*. Clearly, the interchain Coulomb interactions dominate
over the interchain transfer integrals.

Our conclusion is that only the donor stacks of (EDTTTF)[Pd(dmit);]» undergo a Peierls
transition, a feature which qualitatively explains the drop of 50% of the density of states at
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the Fermi level below T.

The similarity of the resistivity humps, the magnetoresistance study by Tajima ef al
[33] and the theoretical study of section 4 suggest that the resistivity anomaly of w-
(EDTTTFI[Ni(dmit),] should also be associated with a CDW instability of the EDTTTF slabs.
According to our calculations, the best nesting wave vector for the EDTTTF slabs of this salt
is found for the Fermi surface calculated for a charge transfer of % (see figure 15(b)) where
the nesting wave vector a*/2 is readily apparent. Let us remind that the EDTTTF molecules
pile up along the (a-+&) direction in this salt so that the modulation wave vector should have
a component of % along both the chain and the interchain directions. Thus in that case the
Coulomb and overlap effects tend to impose the same value for the transverse component.
X-ray diffuse scattering measurements would be very interesting in order to establish that
a CDW instability is also at the origin of the resistivity homp in «-(EDTTTF)[Ni(dmit);] and
that the charge transfer in this salt is around 1.

8. Concluding remarks

Two new M(dmit); charge transfer salts, (EDTTTF);[Pd(dmit);]> and (EDTTTF):[Pd{dmit)>1s,
have been prepared and characterized. (EDTTTF)2[Pd(dmit);]; is a metallic charge transfer
salt exhibiting a resistivity anomaly at 50 K. Analysis of the crystal and electronic structures
of this salt as well as transport, magnetic and x-ray diffuse scattering measurements clearly
establish that this anomaly originates from a CDW modulation of the donor slabs and

suggest that the charge transfer in this salt is of % electrons per molecule. Our study

also suggests that the resistivity anomaly of the related salt ¢-(EDTTTF)[Ni(dmit);] is due
to a CDW instability of the donor slabs although the charge transfer is smaller (o = 1),
(EDTTTF);[Pd{dmit),]s contains real [Pd(dmit);]s trimeric units and exhibits a quite high
room temperature conductivity, Qur study suggests a charge transfer of one electron per
EDTTTF molecule and that the resistivity—temperature behaviour of this salt should be of the
semiconducting type.
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