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The first molecular superconductor based on BEDT-TTF
radical cation salt with paramagnetic
tris(oxalato)ruthenate aniont

Tatiana G. Prokhorova,*® Leokadiya V. Zorina,* Sergey V. Simonov,* Vladimir
N. Zverev,” Enric Canadell,* Rimma P. Shibaeva® and Eduard B. Yagubskii*@

The first molecular superconductor based on BEDT-TTF radical cation salt with the paramagnetic
tris(oxalato)ruthenate anion, B"—(BEDT—TTF)4KX(H30)1,X[Ru'”(ox)g]C6HsBr (x ~ 0.8), is synthesized and its
crystal and electronic structure as well as transport and magnetotransport properties are studied. The
single crystals have monoclinic C2/c symmetry and B’’-packing of the conducting BEDT-TTF layer. The
samples were found to be superconductors with T, = 2.8-6.3 K (depending on the sample). Well
pronounced Shubnikov-de Haas oscillations are observed in the field range 7-17 T. The Fourier spectrum
of the oscillations mainly consists of two frequencies, which correspond to the Fermi surface cross sections
6.3% and 0.85% of the Brillouin zone. The first one with good accuracy corresponds to the calculated cross
section 7.5%, the origin of the second one is discussed. Semiconducting orthorhombic phase ‘pseudo-k’-
(BEDT-TTF)4K,(H30)1 _[Ru"(0x)3]CeHsCN is also synthesized and studied.

Introduction

The largest known family of hybrid bifunctional molecular
crystals based on BEDT-TTF (bis(ethylenedithio)tetrathiafulva-
lene) radical cation salts with paramagnetic tris(oxalato)meta-
late anions (BEDT-TTF),A'[M"(0x);]G, where M"" is Fe, Cr, Mn;
A'is H;0%, NH,", K", Rb"; G is the guest solvent molecule, has
been investigated over the past 20 years."™” During this time
four polymorphous modifications of salts of this family were
discovered. These polymorphs differ in symmetry (monoclinic,
orthorhombic, triclinic), and/or the packing type of conduct-
ing layers, as well as the distribution of the enantiomers of a
chiral anion [M(ox);]>~ in alternating anionic layers. These
structural differences lead to different physical properties. The
formation of crystals of one or other polymorphous modifica-
tion depends on the nature, size and shape of the guest solvent
molecules and the conditions of electrochemical synthesis.

The orthorhombic group of the crystals involves five
semiconductors with ‘pseudo-k’ packing of conducting layers
M =Fe™ cr'; A =K', NH,", H;0"; G = PhCN and its mixtures
with PhNO, or 1,2-C¢H,Cl,)."%"?
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The triclinic group includes two bi-layered polymorphs, in
which conducting layers with o-f’’- or o-‘pseudo-x’-types of
packing alternate.'®'""*'* These crystals may be of interest to
study the mechanism of the interlayer transport and effects of
the interaction between the conducting layers with different
types of radical cation packing.

However, now the group of monoclinic crystals with B’’-type
packing of BEDT-TTF radical cations'*'>'” are of the most
interest among the family of salts. The conducting properties
of monoclinic phases vary from semiconducting to metallic
and superconducting by changing the guest solvent molecule
G. The superconducting phases were formed when G is PhCN,
PhNO,, PhBr, PhF and DMF (dimethylformamide) as well as
mixtures of PhCN with PhCl, PhBr, 1,2-CqH,Cl, and
CsH;N. 24812131617 gther samples of B'’-salts with G =
PhCl, CsH;5N and 1,2-CcH,Cl, show metallic behaviour without
a superconducting transition down to 1.5 K.>®%'* The
temperature dependencies of the resistivity of p'’-salts with
G = CH,Cl, and PhI are semiconducting.>'” A more detailed
study of the structure and conducting properties of monoclinic
crystals revealed that a structural phase transition from
monoclinic C2/c to triclinic P1 symmetry takes place at 180-
230 K in a number of crystals where G is halobenzene (PhF,
PhCl, PhBr, 1,2-C¢H,Cl,) and their mixtures with benzoni-
trile.”>” The investigation of magnetic properties of mono-
clinic B''-(BEDT-TTF),NH,[Cr(ox);]'DMF crystals shows that
there is an interaction between m-electrons of the conducting
sublattice and d-electrons of the magnetic one.®
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It is particularly remarkable that all the salts of this family
described so far contain paramagnetic complex anions of 3d-
elements only. It is of interest to synthesize the salts of BEDT-
TTF with tris(oxalato)metalate anions of 4d- and 5d-metals, the
magnetic properties of which are different from those of 3d-
elements due to the presence of spin-orbit interaction.

In this work we report on the synthesis, crystal and
electronic structure as well as transport and magnetotransport
properties of the first BEDT-TTF salts with tris(oxalato)ruthe-
nate anion: the superconducting monoclinic phase p'’-(BEDT-
TTF) K, (H30); _,[Ru™(0x);]C¢H5sBr (1) with T, = 2.8-6.3 K
(depending on the sample) and the semiconducting orthor-
hombic phase ‘pseudo-k’-(BEDT-TTF),K,(H;0);_[Ru™(0x);]
Ce¢H5CN (2), where x ~ 0.8 in 1 and 0.7 in 2.

Experimental

Synthesis of starting materials and radical cation salts

BEDT-TTF, C¢HsBr, CcH5CN, and 1,2,4-CcH;Cl; were used as
received (Aldrich); 18-crown-6 (Aldrich) was purified by
recrystallization from acetonitrile and dried in vacuum at 30
°C over P,05; K3[Ru(0x);]-4.5H,0 was synthesized according to
a procedure described in ref. 19.

Electrocrystallization of the charge transfer salts was
performed in conventional two-compartment H-shaped cells
with Pt wire electrodes at a constant current of 0.75 pA and at a
constant temperature of 25 °C. The dissolution of the
electrolyte K;[Ru(ox);]-4.5H,0 and BEDT-TTF at ~60 °C was
performed in a different compartment of the cell, as oxidation
of BEDT-TTF by a metal complex anion takes place at elevated
temperature. The exact conditions for the synthesis of each
salt are described below.

Synthesis of crystals (1). 100 mg of K3[Ru(ox);]-4.5 H,O and
200 mg of 18-crown-6 were placed in the cathode compart-
ment; 16 mg of BEDT-TTF was placed in the anode one. The
mixture of bromobenzene (20 ml) with 96% ethanol (2 ml) was
used as a solvent and distributed between the two compart-
ments of the cell. Several crystals in the form of parallelepi-
peds were collected from the anode after 3 weeks.

Synthesis of crystals (2). 190 mg of Kj;[Ru(ox);]-4.5 H,O
together with 380 mg of 18-crown-6 were placed in the cathode
compartment; 15 mg of BEDT-TTF was placed in the anode
one. The mixture of 1,2,4-trichlorbenzene (10 ml), benzonitrile
(10 ml) and 96% ethanol (2 ml) was distributed between the
two compartments of the cell. The many crystals of small size
in the form of parallelepipeds were collected from the anode
after 3 weeks.

Crystal structure determination

X-ray single crystal diffraction data were collected on an
Oxford Diffraction Gemini-R diffractometer at room tempera-
ture using Mo Ko radiation [A(Mo Ko) = 0.71073 A, graphite
monochromator, w-scans]. Data reduction with empirical
absorption  correction of  experimental intensities
(Scale3AbsPack program) was made with the CrysAlisPro
software.”

This journal is © The Royal Society of Chemistry 2013

The structures were solved by a direct method followed by
Fourier syntheses and refined by a full-matrix least-squares
method in an anisotropic approximation for all non-hydrogen
atoms using the SHELX-97 programs.>' Hydrogen atoms in
BEDT-TTF and solvent molecules were placed in idealized
positions and refined using a riding model, Ujs,(H) were fixed
at 1.2U.(C). K" cation and oxygen atom of the H;O" cation
were placed in the same position within the anion layer and
their relative occupancies were refined as combination of x
and (1 — x). H atoms in the hydroxonium H;O" cations were
not located but included into the chemical formula of the
compounds 1 and 2.

Crystal data for 1. Cs5,H3; 5,BrKp 51015.10RUS3,, M = 2096.00,
T = 293(2) K, monoclinic, @ = 10.2882(5), b = 19.973(1), ¢ =
35.485(2) A, f =93.483(5)°, V= 7278.2(7) A%, C2/c, Z = 4, Dy =
1913 g em ?, p = 17.88 cm™ ', 204 = 64.64°, 38 027
reflections measured, 12 106 unique reflections (Riy.
0.0272), 10 051 reflections with I > 20(I), 518 parameters
refined, R, = 0.0431, wR, = 0.0914, GOF = 1.020.

Crystal data for 2. C53H35.93K0.60NO;5 31RUS3,, M = 2039.70, T
= 293(2) K, orthorhombic, a = 10.3683(4), b = 19.6056(9), ¢ =
36.083(1) A, V=7334.9(5) A®, Phcn, Z =4, Dy = 1.847 g cm ™ >,
= 12.24 ecm ™, 20max = 61.14°, 85 062 reflections measured,
10 602 unique reflections (Rj,. = 0.0455), 7891 reflections with
I > 20(I), 473 parameters refined, R; = 0.0522, wR, = 0.1103,
GOF = 1.018.

Electronic band structure calculations

The tight-binding band structure calculations®* were of the
extended Hiickel type. A modified Wolfsberg-Helmholtz
formula was used to calculate the non-diagonal H,,, values.>
All valence electrons were taken into account in the calcula-
tions and the basis set consisted of Slater-type orbitals of
double-{ quality for C 2s and 2p, S 3s and 3p and of single-{
quality for H1s. The ionization potentials, contraction coeffi-
cients and exponents were taken from previous work.**

Conductivity and magnetotransport measurements

The transport measurements in the temperature range (0.4-
300 K) were carried out in a cryostat with a superconducting
solenoid, which generated a magnetic field of up to 17 T. The
temperature dependencies of the electrical resistance of single
crystals were measured using a four-probe technique by a lock-
in detector at 20 Hz alternating current in the range (1-10) pA.
Two contacts were attached to each of two opposite sample
surfaces with conducting graphite paste. In the experiment we
have measured the out-of-plane resistance R, with the current
running perpendicular to the conducting layers. Because of
the high anisotropy of the samples we did not succeeded in the
measurements of the in-plane sample resistance.

Results and discussion

Synthesis

It should be noted, that up to now only one radical cation salt
with [Ru™(0ox);]>~ anion was reported, namely, the
(TTF);[Ru™(0x)3](C;HsOH)o 5:4H,O  containing  isolated
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anions.>® The known attempts to synthesize the crystals based
on BEDT-TTF with [Ru™(ox);]°~ in the medium of the wet
solvent (benzonitrile) and in the presence of the
K;[Ru(0x);]4.5H,0 or (NH,)s;[Ru(ox);]1.5H,O as electrolytes
described in the literature® were unsuccessful. Previously,"
we have shown that the addition of 96% ethanol and 1,2,4-
triclorobenzene to the reaction medium promotes the forma-
tion of high quality monoclinic crystals of the family,
increasing the crystal growth rate, the reproducibility and
selectivity of the electrocrystallization process. In the present
work we used two different mixtures of solvents: bromoben-
zene with 96% ethanol and benzonitrile with 96% ethanol and
1,2,4-triclorobenzene. The Kjs[Ru(ox);]4.5H,O salt was
employed as electrolyte. The crystals of the superconducting
monoclinic phase were obtained with G = bromobenzene (1),
while in the case of G = benzonitrile the orthorhombic
semiconducting crystals (2) formed.

Crystal structures

B'’-(BEDT-TTF),K,(H;0), _[Ru(ox);]PhBr, x = 0.81 (1, sam-
ple with maximal 7). Compound 1 belongs to the monoclinic
series of the (BEDT-TTF),A[M(0x);]G family. The monoclinic
lattice of C2/c symmetry contains two independent BEDT-TTF
donors (A and B) in general positions, one mixed [Ky(H;0); ]
cation and one [Ru(ox);]’~ anion in special positions on a two-
fold axis and one solvent bromobenzene molecule disordered
in two equiprobable sites near the two-fold axis. One of the two
BEDT-TTF donors (A) is fully ordered in an eclipsed
conformation while both terminal ethylene groups of another
donor (B) are disordered between two positions with 0.69/0.31
and 0.67/0.33 occupancies.

Projection of the crystal structure 1 along the a-direction is
shown in Fig. 1. The structure consists of the conducting
layers of BEDT-TTF radical cations alternating with mixed
anion-solvent layers along the crystallographic c-axis. The
conducting radical cation layer has a well-known B’'-type of
the molecular packing and is composed of parallel BEDT-TTF
stacks. Central C=C bonds of two independent BEDT-TTF
show no difference in bond lengths which are both equal to
1.364(3) A. This indicates identical charge state of the two
radical cations, BEDT-TTF**" according to the chemical
formula. There are shortened S-S intermolecular contacts
along and between the stacks which are discussed below in the
Electronic structure section.

Complex anion layers of the {[K.(H;0);_,][Ru(ox);]’~
PhBr}>” composition include paramagnetic Ru™ oxalate
anions, small singly-charged cations and neutral solvent
molecules. K" and H;0" cations are mixed in the same site
and their relative occupation factors were refined to 0.81 and
0.19, respectively. The structure of the anion layer has a
honeycomb-like geometry (see Fig. S2 in ESIf), one hexagonal
motif of the layer is shown in Fig. 2a. Ru*" and K'/H;0" cations
are alternated in vertexes of a slightly distorted hexagonal
network and linked by oxalate bridges along the sides of
hexagons. Guest solvent molecules fill hexagonal cavities of
the layer. Every anion layer is represented by combination of
only right or only left isomers of the chiral [Ru(ox);]*~ anion,
the layers of different chirality are repeated alternately along
the c-direction. Both Ru and K'/H;0" centers are coordinated
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Fig. 1 Crystal structure of B''-(BEDT-TTF)4K,(H30);_,[Ru(ox)3]PhBr (1) projected
along the a-axis. A and B letters refer to two independent BEDT-TTF donors.

by six oxygen atoms. One of three independent Ru-O bond
distances in the anion of 2.031(2) A is shorter than two others
of 2.048(2) A. The same observation concerns distances
between K'/H;0" and oxygen which are equal to 2.762(2),
2.926(3) and 2.960(3) A. Aromatic ring of the solvent molecule
is shifted inside the cavity to A" cation opposite to the Br
substituent and lies between two parallel oxalate ligands of the
[Ru(ox);]*~ anion elongated along b. The dihedral angle
between mean planes of these oxalate groups and bromoben-
zene is 86.6(1)°.

Donor--anion hydrogen contacts are somewhat shorter for
the disordered ethylene group sites with major occupation
(Hee*Ooy distances are 2.42, 2.44 and 2.46 A) than for the sites
with minor occupation (2.45, 2.50, 2.47, 2.53 A). Ordered
donor forms one H-'O contact with oxygen of the oxalate
group of 2.50 A. H-+O contacts between solvent and the anion
are 2.54, 2.58 and 2.59 A; Br atom of the solvent lies on the
distance of 3.02-3.03 A from nearest H atoms of the donor.
Geometry and values of the hydrogen contacts are close to
those found in another superconducting salt of the family (7. =
4.0 K) with G = PhBr, where M = Fe**, A = H;0".>® Unit cell

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Hexagonal motif of the honeycomb-like anion layer in monoclinic C2/c structure 1 (a) and orthorhombic Pbcn structure 2 (b).

parameters of the salt 1 are practically identical to those for
the other superconductor of the family with PhBr, H;0" and
cr*" (T, = 1.5 K);® the unit cell volume difference is only 1 A%

‘Pseudo-k’-(BEDT-TTF),K,(H30), —,[Ru(0x);]JPhCN, x = 0.69
(2). The radical cation salt 2 belongs to the orthorhombic
series (space group Pbcn) and differs from the monoclinic salt
1 by internal structure of both radical cation and anion layers.

The asymmetric unit of the structure 2 contains two
independent fully ordered BEDT-TTF molecules, half mixed
K'/H;0" cation and half the ruthenium oxalate anion in the
position on a two-fold axis, and half benzonitrile molecule
disordered around a two-fold axis. Terminal ethylene groups of
two donors are ordered and have eclipsed conformation.

The conducting BEDT-TTF layer shown in Fig. 3 has the
‘pseudo-k’ type of the molecular packing which was observed
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Fig. 3 Conducting BEDT-TTF layer of the ‘pseudo-k’ type in the structure of 2,
viewed along the long molecular axis. (BEDT-TTF),** dimers are colored black
and surrounded by neutral BEDT-TTF molecules.
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before in other members of the orthorhombic series of the
(BEDT-TTF),A'[M"(0x),]G family with M = Fe and G = PhCN,"*
(PhCN)g.55(CeH4Cl1)0.12,"> (PhCN)y 5(PhNO,)g 23" M = Cr, Co, Al
and G = PhCN.° It consists of face-to-face BEDT-TTF dimers
each of which is surrounded by six monomeric units. Charge
state of the BEDT-TTF radical cation composing the dimer is
close to 1+ according to valence bond distances distribution;
central C=C bond length in TTF is elongated to 1.386(4) A.
BEDT-TTF in the monomer is neutral and the corresponding
C=C bond length is as short as 1.340(4) A. Besides, the
molecule of the monomer is more strongly bent in comparison
with the radical cation of the dimer, corresponding dihedral
angles of bending across S-S lines are 9.65(5) and 8.47(6)° in
the monomer against 1.92(5) and 2.54(5)° in the dimer that
also indicates difference in charge. Due to the charge
localization inside the dimers, the salt 2 shows semiconduct-
ing behavior as all other salts of the (BEDT-TTF),A[M™(0x);]G
family with ‘pseudo-k’ packing of the conducting layer.

Every honeycomb-like anion layer in 2 is racemic, unlike the
structure 1, because it contains both left and right enantio-
mers of the anion alternating along the b-direction. Functional
group of the solvent molecule in the structure 1 is directed
nearly along the two-fold axis towards the metal atom of the
anion (Fig. 2a) while in 2, the -CN group of PhCN is elongated
towards the mixed K'/H;O" cation and the angle between b
and -CN is 63.8(2)° (Fig. 2b). The hexagonal cavity in 2 has a
more isometric shape and equal Ru-K'/H;O" distances of
6.272(1) A, while in the monoclinic phase 1, the cavity is more
extended along the b-axis and shows a Ru-K'/H;O" distance
along b of 6.379(1) A which is longer than the two other
distances of 6.283(1) A. The phenyl ring of the solvent lies near
the center of the cavity in 2, while in 1 the phenyl cycle is
shifted to one side of the cavity. The dihedral angle between
mean planes of the solvent and nearest oxalate bridges is
32.5(5)° in 2 which is much less than that in the monoclinic
salt 1. Ru-O bond distances in the anion are 2.032(2), 2.032(2)
and 2.036(2) A. Relative occupancy of the mixed cation site was
refined to 0.69/0.31 for K'/H;0", respectively. The coordination
sphere of the K'/H;0" cation includes six oxygen atoms of the
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Fig. 4 Schematic representation of the B'’-type donor layer in 1, where the a, b
and a’, b’ repeat vectors as well as the different donors (A-B) and
intermolecular interactions (I to VIII) are labelled.

oxalate ligands and two nitrogen atoms from PhCN. Distances
between K'/H;0" and oxygen are equal to 2.825(3), 2.883(3)
and 2.922(3) A; KN distance is 2.979(7) A.

Electronic structure of f’’-(BEDT-TTF),K,(H;0); _,JRu™(0x);]CcHsBr
(1, sample with maximal T,)

The donor layers of 1 contain two different donors (A and B in
Fig. 4) and eight different types of HOMO---HOMO (highest
occupied molecular orbital) interactions (see Fig. 4). As far as
this layer is considered independently from the anions it can
be described as a primitive lattice (instead of C-centered in C2/
¢ space group) using the repeat vectors a’= (a/2 — b/2) and b’ =
(a/2 + b/2) (see Fig. 4). As for any B''-type salt, the donor layers
of Fig. 4 can be considered to be built from a series of parallel
stacks of slipped donors (‘slipped-chains’), of step-chains, or
of donor chains making lateral n-type HOMO:-*HOMO inter-
actions (‘n-chains’). Interactions I to III are associated with the
slipped-chains, IV and V with the step-chains and VI, VII and
VIII with the m-chains. The calculated transfer integrals
according to the dimer splitting model®” are reported in
Table 1. These values are typical for BEDT-TTF salts of this
family:” stronger interactions along the step-chains and
relatively different values for the interactions along the slipped
stacks so that these stacks could be considered as a series of
interacting dimers. It is worth noting that the two donors have
HOMO energies that are practically identical (AE < 10 meV) so
that as far as the HOMO-*HOMO interactions are concerned
they may be considered identical despite the structural
differences (disorder of the ethylene groups in one of them,
B). Judging from the values in Table 1 the present salt may be
described as a series of A-B BEDT-TTF dimers interacting
along all directions of the slab so that this salt should be a two-
dimensional (2D) conductor.

The calculated band structure for a donor layer of 1 is shown
in Fig. 5. There are four bands mainly based on the HOMO of
BEDT-TTF because there are four donors per repeat unit of the
layer. The bands in Fig. 5 must contain two holes and since (i)
there is no band gap between the two upper bands, and (ii) the
dispersion of these bands is quite sizeable, this salt should be
metallic in keeping with the experimental results. The
calculated Fermi surface contains closed electron pockets

7052 | CrysttngComm, 2013, 15, 7048-7055

Table 1 tomo-Homo transfer integrals (meV) and S-S distances shorter than
3.9 A for the different donor-+-donor interactions in a donor layer of 1

tHOMO—HOMO

Interaction” S-S (<3.9 A) (meV)
1 (A-B) 3.670, 3.801, 3.834, 3.864 —139
1I (A-A) 3.751(x 2) —48
11l (B-B) 3.834 —57
IV (A-B) 3.617, 3.744, 3.749, 3.809 +203
V (A-B) 3.599, 3.775, 3.785, 3.893 +180
VI (B-B) 3.414(x 2), 3.518(% 2), 3.836, 3.845(x2) —97
VII (A-B) 3.321, 3.370, 3.523, 3.555,3.832 -90
VIII (A-A) 3.667(x 2), 3.857 —55

“ See Fig. 4 for the labelling.

around Y and closed hole pockets around X (Fig. 6). The area
of these pockets is identical and amounts to 7.5% of the cross
section of the Brillouin zone. Note that the partially filled
bands are typically 2D in agreement with the analysis above. As
analyzed in detail elsewhere,”® the Fermi surface of B’’-type
BEDT-TTF donors results from the hybridization of ellipses
with an area of 100% of the cross-section of the Brillouin zone
and this is also the case here (see Fig. 7).

Conductivity and magnetotransport measurements

The temperature dependence of the out-of-plane resistivity p
for several samples of B'’-(BEDT-TTF),K,(H;0), [Ru™(ox);]
CeH5Br, obtained in the course of the same synthesis, is shown
in Fig. 8.

The curve p,(T), which corresponds to the highest super-
conducting critical temperature 7. = 6.3 K (Sample #1), is
typical for a layered organic conductor. It has a “hump” which
separates the regions with the semiconductor-like dependence
at higher temperature and the metal-like at lower temperature.
The “hump” on p,(T) dependence is due to the coherent-
incoherent transition in the out-of-plane transport in the
layered highly anisotropic crystals® and its shape is known to

%
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Fig. 5 Band structure calculated for a donor layer of 1. The dashed line refers to
the Fermilevel. I'=(0,0), X =(a’*/2,0),Y=(0,b'*/2). M= (a'*/2,b'*/2) and S =
(—a'*/2, b'™*/2) where a’ = (a/2 — b/2) and b’ = (a/2 + b/2).
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be sensitive to the impurity scattering.**>* As seen from Fig. 8,
Sample #1 has the lowest resistivity both at room and at low
temperature with respect to the other samples and, besides,
has the highest T, value. For these reasons we consider this
sample as the most perfect and uniform. Nevertheless, we
believe that the transformation of the p , (7) dependency owing
to the different sample quality in Fig. 8 is very interesting and
impressive, and could be the subject of special study and
discussion. Unfortunately our X-ray experiments did not reveal
any essential difference between the samples with different
p1(T) dependencies. We performed full X-ray structural
analysis for two samples: #1 with maximal 7. = 6.3 K (this
structure is described above) and #4 with minimal T, = 2.8 K
(see ESIt). Both crystals show similar positional disorder and
first of all one can suppose different occupancy of disordered
positions. However, occupation factors in both samples
appeared to be very close: for ethylene groups of the BEDT-
TTF they were refined to 0.69/0.31, 0.67/0.33 in #1 and 0.68/
0.32, 0.68/0.32 in #4; for K'/H;0" —0.81/0.19 in #1 and 0.77/
0.23 in #4. The electronic band structure calculations have also
been carried out for crystal #4 with minimal 7.. The calculated
transfer integrals, band structure and Fermi surface are

Fig. 7 Schematic representation of the way in which the Fermi surface of Fig. 6

results from the hybridization of a series of superposed ellipses typical of a 2D
metal.

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 The temperature dependence of the out-of-plane resistivity p, for several
samples, obtained in the course of the same synthesis.

reported in the Table S1 and Fig. S3 and S4 of the ESLt The
results are practically indistinguishable from the previous
ones obtained for Sample #1 so that we must conclude that
there is nothing in the crystal and electronic structure of the
donor layers justifying the observed differences in physical
behavior, except maybe the actual distribution of the different
cationic species on the A" sites. We believe that namely the
different local arrangements of cations K'/H;0" could be the
reason for the different physical behavior of our samples in
spite of their similarity “on average” by X-ray analysis. The
different local concentration of cations K'/H;O0" will act in
local modifications of the donor layer because donor and
anion layers are related through hydrogen bonding and thus
affect the electron-phonon coupling constant. As a result, the
layer-to-layer disorder may lead to the dielectrization in the
interlayer transport just as is seen in Fig. 8 for two upper
curves at T < 40 K. Moreover, the lowering of the T, value
could be due to the same reason because a random
distribution over the layer properties is known to suppress
the superconductivity in the out-of plane direction.*”

The results of the magnetoresistance measurements of
Sample #1 at T = 0.4 K are presented in Fig. 9. The magnetic
field was oriented perpendicular to the conducting layers. At B
> 7 T, well pronounced Shubnikov-de Haas oscillations are
observed. As seen from the insert to the figure, the Fourier
spectrum of oscillations mainly consists of two frequencies: the
highest F; =262 T and the lowest F, = 35.4 T. There is also a well
reproducible small amplitude satellite line with the frequency
F,;* =224 T. This frequency satisfies with good accuracy to the
relationship F;* = F; — F,. Two main frequencies F; and F,
correspond to the Fermi surface cross sections S1 = 2.5 x 10'®
m 2 and S2 = 3.4 x 107 m 2, ie 6.3% and 0.85% of the
Brillouin zone (BZ) area respectively. The greater cross section
value S1 is in satisfactory agreement with the result of electronic
structure calculation, according to which the Fermi surface
contains two different pockets of the same area of about 7.5% of
the BZ (see Section 3). As for the origin of the smaller observed
cross section S2, there are two possible explanations: i) the
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Fig. 9 Shubnikov—de Haas oscillations of the out-of-plane resistance for Sample
#1. The Fourier spectrum of oscillations is shown in the insert.

frequency F, could be the result of the beating of F; and F;*
frequencies which are due to the existence of two extremal
cross-sections of the wrapped Fermi-surface, and ii) the
frequency F, is the consequence of the existence of very small
pocket at M (see Fig. 5 and 7) if the corresponding energy levels
could be slightly shifted to intersect the Fermi level. For
example, this could happen due to the change of the lattice
parameters when lowering the temperature. Here we should
note that our band structure calculations used the lattice
parameters measured at room temperature. The existence of
additional small pockets was assumed earlier for Fe oxalate with
dimethylformamide solvent where very similar oscillations were
detected.'® In principle, the two explanations are both equally
likely, but there is one consideration in favor of the second one.
On the basis of density functional theory calculations of the
Fermi surface for several molecular organic metals we found
that, as a general rule, there is some small warping along the
interlayer direction when there are some direct contacts
between the donors from adjacent conducting layers or the
anion layer is very thin. But when the anion layer is not very
thin, the warping is extremely small. For instance, there is some
warping in the Bechgaard salts (2-6 meV)** or in B-(BEDT-
TTF),IBr, (around 9 meV).*® However, in o-(BEDT-
TTF),KHg(SCN),, where the anion layer is thicker and com-
pletely separates the two conducting donor layers, the warping
is extremely weak, 0.2 meV.*” In the salt 1 where the anion layers
are thick (the shortest donor---donor contacts are larger than
5.0 A), we should be in a situation very much like that of the last
salt. Thus we believe that the warping of the Fermi surface
should be extremely small in 1 and the explanation based on the
existence of additional pockets is more likely.

Conclusion

In summary, the crystals of two new compounds belonging to the
known family of bifunctional molecular (super)conductors based
on BEDT-TTF salts with paramagnetic tris(oxalato)metallate

7054 | CrysttngComm, 2013, 15, 7048-7055

anions (BEDT-TTF),A[M"(0x);]G have been synthesized. Unlike
all the known crystals of the family, comprising M"™ ions of 3d-
elements only (Fe, Cr, Mn), the prepared crystals contain the ions
of 4d-metal: B'’-(BEDT-TTF),K,(H;0); ., JRu™(0x);]C¢HsBr (1)
and ‘pseudo-k’-(BEDT-TTF),K,(H;0); _ JRu™(0x);]CcHsCN  (2),
where x ~ 0.8 (1) and 0.7 (2). Compound 1 has monoclinic C2/
¢ symmetry and B'’-packing of the conducting BEDT-TTF layer,
whereas the single crystals 2 have orthorhombic Phcn symmetry
and ‘pseudo-x’ packing of the conducting layers. The crystals
were obtained by electrochemical oxidation of BEDT-TTF in the
presence of the electrolyte Ks[Ru(ox);]-4.5H,0. Unlike known
unsuccessful attempts to synthesize BEDT-TTF salts with
[Ru(ox);]’~ anion in the medium of the wet solvent,® we used
mixtures of solvents: PhBr with 96% EtOH for synthesis of
crystals 1 or PhCN with 96% EtOH and 1,2,4-triclorobenzene for
2.

The study of the temperature dependencies of the out-of-
plane resistivity p;, of 1 shows that these crystals are
superconducting, while the crystals 2 exhibit semiconducting
behavior. It should be noted that several samples of 1 obtained
in the same synthesis have different p,(7) behavior and
superconducting transition temperatures 7, in the range of
2.8-6.3 K. The full X-ray structural analysis and band structure
calculations were made for two samples: with maximal T, = 6.3
K and with minimal 7. = 2.8 K. Differences in crystal and
electronic structures of these samples appeared to be
negligible but the observed differences in physical behavior
could be explained by the actual distribution of the different
cationic species on the A" sites.

Well pronounced Shubnikov-de Haas oscillations are
observed in the field range 7-17 T. The Fourier spectrum of
the oscillations mainly consists of two frequencies: the highest
F, = 262 T and the lowest F, = 35.4 T. There is also a well
reproducible small amplitude satellite line with the frequency
F,;* = 224 T, which equals approximately F; — F,. Two main
frequencies F; and F, correspond to the Fermi surface cross
sections 6.3% and 0.85% of the Brillouin zone. The first one
with good accuracy corresponds to the calculated cross section
7.5%. The F, frequency most probably is the consequence of
the existence of very small pocket around the M point of the
Brillouin zone.
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