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1. INTRODUCTION

The molecular conductors based on the radical cat-
ion salts of organic 

 

π 

 

donors are characterized by a high
anisotropy of their conducting properties and a wide
spectrum of the collective electron states characteristic
of low-dimensional systems. [1].
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 = Fe, Cr; G = “guest” solvent molecule) family
with metal oxalate anions are of particular interest for
researchers in the field of low-dimensional molecular
conductors, since they contain the functional anion
complexes of paramagnetic metals [M
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apart from the conducting radical cation layers of
bis(ethylenedithio)tetrathiafulvalene (BEDT–TTF). As
a result, a combination of conducting and magnetic
properties can be obtained in one molecular crystal.
The crystals of this family have been extensively stud-
ied since the discovery of the first organic superconduc-
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 = 8.5 K and a very weak antiferromagnetic interac-
tion between the spin moments of neighboring Fe

 

III

 

ions [2, 3]. The family of isomorphic 

 

β

 

'' phases with
paramagnetic (Fe

 

III

 

, Cr

 

III

 

) and diamagnetic (Ga

 

III

 

) ions
and various molecular solvents was then grown. These
solvents were benzonitrile [4–7], nitrobenzene (NB)
[8–11], pyridine (PYR) [10–13], dichloromethane
(DCM) [13, 14], dimethylformamide (DMF) [15–17],
chlorobenzene (CB) [13, 18], and bromobenzene (BB)
[18, 19]. The conducting properties of these com-
pounds were found to be diverse and to vary from
metallic to semiconducting properties despite the fact
that they have a similar structure.

The presence of a relation between the sizes of the
solvent molecules that enter into the complex anion
layer and the electron transport is beyond question.
Superconducting crystals include large solvent crystals,
and the superconducting transition temperature
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solvent molecule) family of layered molecular conductors with magnetic metal oxalate anions exhibits a pro-
nounced dependence of the conducting properties on the type of neutral solvent molecules introduced into the
complex anion layer. A new organic dichlorobenzene (C
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studied by X-ray diffraction is characterized by the following parameters: 
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 = 4. In the temperature range 0.5–
300 K, the conductivity of the crystals is metallic without changing into a superconducting state. The magne-
totransport properties of the crystals are examined in magnetic fields up to 17 T at 

 

T

 

 = 0.5 K. In fields higher
than 10 T, Shubnikov–de Haas oscillations are detected, and the Fourier spectrum of these oscillations contains
two frequencies with maximum amplitudes of about 80 and 375 T. The experimental results are compared with
the related data obtained for other phases of this family. The possible structural mechanisms of the effect of a
guest solvent molecule on the transport properties of the 

 

β

 

''-(BEDT–TTF)

 

4

 

A

 

I

 

[M

 

III

 

(C

 

2

 

O

 

4

 

)

 

3

 

] · G crystals are ana-
lyzed. 

PACS numbers: 61.10.Nz, 61.66.Hq, 73.43.Qt

 

DOI: 

 

10.1134/S1063776108020131

NH4
+

 

ELECTRONIC PROPERTIES
OF SOLIDS



 

348

 

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

 

      

 

Vol. 106

 

      

 

No. 2

 

      

 

2008

 

ZORINA et al.

 

increases with the solvent molecule size. These crystals
exhibit Shubnikov–de Haas magnetic oscillations at
one or two frequencies [20–23]. Superconductivity is
often preceded by a complex temperature dependence
of the electrical resistance with a broad minimum in the
range 40–150 K in various phases [21, 22]. Below this
temperature, the resistance increases slowly, which is
related to partial charge localization [22], and the
increase in the resistance is then changed by a sharp
decrease in a superconducting state. The phases con-
taining small solvent molecules have no superconduct-
ing transition but exhibit Shubnikov–de Haas oscilla-
tions. However, these oscillations result from a combi-
nation of a large number of frequencies, which
corresponds to a more complex Fermi surface [24–26].

The authors of [26] believe that the effect of intro-
duction of different solvents into the anion metal
oxalate is similar to the effect of chemical pressure,
which is determined by the guest solvent molecule vol-
ume. However, structural data indicate that the struc-
tural effects induced by the substitution of a solvent are
more complex (below, they will be considered in detail)
and that the character of electronic states most strongly
depends on the solvent linear size along one of the unit
cell directions rather than on the solvent volume [16].
The new organic conductor 
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, which is studied in
this work, contains dichlorobenzene (DCB). The DCB
molecule has the largest volume among all the solvents
used earlier to synthesize β''-(BEDT–
TTF)4AI[MIII(C2O4)3] · G crystals. We investigate the
structure, conducting properties, and Shubnikov–de
Haas oscillations of the grown single crystals. The
experimental data obtained are analyzed and compared
with the results on crystals from other phases of the
family that were obtained earlier by us or other
researchers.

2. EXPERIMENTAL

2.1. Synthesis
of β''-(BEDT–TTF)4H3O[Fe(C2O4)3] · C6H4Cl2 

Crystals

The crystals were synthesized from BEDT–TTF
(Aldrich), (NH4)3Fe(C2O4)3 · 3H2O (Aldrich), o-DCB
(Aldrich), and ethyl alcohol (95%, used without addi-
tional purification). 18-crown-6 (Aldrich) was purified
by recrystallization from acetonitrile and dried in a vac-
uum at a temperature of 30°C over phosphorus pentox-
ide (P2O5).

The crystals were grown upon electrochemical oxi-
dation of BEDT–TTF (with a concentration C = 5.2 ×
10–4 mol/l) on a platinum electrode at a direct current of
0.4 µA in a DCB + 10%C2H5OH solution at a temper-
ature of 25°C. As the electrolyte, we used
(NH4)3Fe(C2O4)3 · 3H2O (C = 4.6 × 10–3 mol/l) with 18-
crown-6 (C = 2.26 × 10–2 mol/l). The crystals grew in
the form of bright black bars on an anode for 20 days.

2.2. X-ray Diffraction Studies

The main crystallographic data are as follows: a =
10.421(1) Å, b = 19.991(2) Å, c = 35.441(3) Å, β =
92.87(1)°, V = 7374(1) Å3, space group C2/c, the num-
ber of formula units in the unit cell is Z = 4 for the com-
position C52H39Cl2FeO13S32, the formula unit weight is
M = 2024.5 a.u., and the calculated density is ρcalc =
1.824 g/cm3. The electron diffraction pattern of the
β''-(BEDT–TTF)4H3O[Fe(C2O4)3] · C6H4Cl2 single
crystals contained 15001 reflections and was recorded
on an Enraf Nonius CAD-4 diffractometer using MoKα
radiation (λ = 0.71073 Å, graphite monochromator)
and ω scanning in the angular range 2° < θ < 26° at
room temperature. The experimental intensities were
not corrected for absorption (the crystal size was 0.25 ×
0.50 × 0.10 mm3; the absorption coefficient was
µ(MoKα) = 12.43 cm–1).

The structure of the crystals was determined by a
direct method followed by Fourier syntheses and was
then refined by the full-matrix least squares method
using the SHELX97 software package [27] in the
anisotropic approximation for all non-hydrogen atoms.
The positions of hydrogen atoms in the ethylene groups
of the BEDT–TTF donor and in the benzene solvent
ring were specified geometrically using isotropic tem-
perature factors Uiso(H) = 1.2Ueq(C), where Ueq is the
equivalent temperature factor of the corresponding car-
bon atom. For the H3O+ cation, the positions of hydro-
gen atoms were found from the electron-density differ-
ence synthesis, and their coordinates were refined:
Uiso(H) = 1.2Ueq(O). To refine 531 structural parame-
ters, we used 7206 independent reflections (the factors
of averaging equivalent reflections were Rint = 0.0353
and Rσ = 0.0445). The final reliability factors were R =
0.0348 and Rw = 0.0869 for 4965 independent reflec-
tions with I > 2σ(I); the goodness of fit was GooF =
1.001; and the maximum and minimum residual elec-
tron densities were 0.549e/Å3 and –0.408e/Å3, respec-
tively. The structural information of the synthesized
compound was deposited as a CIF file at the Cambridge
structural database (CCDC no. 665075).

2.3. Magnetotransport Measurements

The electrical resistance was measured using a
20-Hz alternating current, the four-probe method, and a
synchronous detector. The sample for transport mea-
surements had the form of a thin 0.5 × 0.3 × 0.1-mm
plate whose surface was oriented along conducting lay-
ers. A pair of contacts was applied on either sample sur-
face with a conducting carbon paste. The sample resis-
tance was measured when a current passed across the
conducting layers. The current through the sample did
not exceed 10 µA. We failed to measure the longitudi-
nal resistance of the sample because of its strong anisot-
ropy. For low-temperature magnetotransport measure-
ments, we used a cryostat with a superconducting sole-
noid, which created a magnetic field of up to 17 T. The
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field was oriented normal to the conducting layers. The
sample was placed in an insert in which the vapors of
liquid He3 were pumped out; with this insert, we were
able to work in the temperature range 0.5–300 K.

3. EXPERIMENTAL RESULTS

3.1. Structure
of the β''-(BEDT–TTF)4H3O[Fe(C2O4)3] · C6H4Cl2 

Crystal

As all crystals of the β''-(BEDT–
TTF)4AI[MIII(C2O4)3] · G family, crystals of the radical
cation salt β''-(BEDT–TTF)4H3O[Fe(C2O4)3] · C6H4Cl2
has monoclinic symmetry (space group C2/c) and a lay-
ered structure (Fig. 1). Complex anion layers alternate
with the conducting layers of organic donors along the
c direction. Two crystallographically independent
BEDT–TTF donors are in a general position, and the
ethylene groups of one of them are disordered in two
positions (Fig. 2a). The conducting organic layer has a
β''-type packing (Fig. 3) and consists of stacks oriented

differently (along [310] and [ ]) in neighboring lay-
ers (z = 0 and 0.5, respectively). The planes of the cen-
tral TTF donor fragments are parallel to each other
inside the layer and make an angle of about 65° with the

310

BEDT–TTF molecules from the neighboring layers.
The shortest and numerous intermolecular contacts
(S···S = 3.399(1)–3.575(1) Å) form between the stacks

0 b

c

Fig. 1. Projection of the structure of β''-(BEDT–
TTF)4H3O[Fe(C2O4)3] · DCB along the a axis.
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in the molecular plane; these are the so-called side-by-
side interactions designed by letters A and F in Fig. 3.
Moreover, one short S···S contact (S···S = 3.666(1) Å)
exists in a stack (interaction C). The distances between
the planes of the TTF fragments of the neighboring
donors in a stack are 3.65(3), 3.63(3), and 3.534(5) Å
(interactions B, C, and G in Fig. 3, respectively).

Apart from the [Fe(C2O4)3]3– anion located in the
twofold axis (Fig. 2b), the complex anion layer
includes a hydroxonium cation and the neutral mole-
cules of the dichlorobenzene solvent (Fig. 2c). The
structure of the layer resembles honeycomb (Fig. 4).
Paramagnetic FeIII ions and H3O+ cations alternate at
the vertices of the hexagonal network, which is slightly
extended along the b axis. The internal oxygen atoms of
the C2O4 oxalate groups of the anion octahedrally coor-
dinate an iron atom (the Fe–O distances are 2.005(2),
2.010(2), 2.011(2) Å), whereas the external oxygen
atoms form hydrogen bonds with the hydroxonium cat-
ion. The bond geometry is given in Table 1.

Neutral solvent guest molecules occupy the hexago-
nal cavities of the anion layer. The set of the symmetry
elements of the o-DCB molecule, in which chlorine

atoms are connected to two neighboring vertices of a
benzene ring, includes a twofold rotation axis. Never-
theless, the local symmetry elements of the solvent do
not coincide with the crystal symmetry, the solvent mol-
ecule o-DBC is located on a general position near the 2y

axis, and one of the C–Cl bonds is directed approxi-
mately along this axis toward an iron atom. The planes
of the DCB molecules occupying two positions that are
equiprobable with respect to the 2y axis are nonparallel
to each other, and the angle between them is 16.1(2)°.
The benzene ring lies between two oxalate groups
extended along the b direction and are almost perpen-
dicular to them: the angle the ring plane makes with
these groups is approximately 81.8(1)°. One of the chlo-
rine atoms (Cl2) forms shorter Cl···O contacts (2.787(5),
3.350(4) Å) with the anion oxalate group, whereas the
Cl1···O distances are longer than 3.5 Å. The donor and
anion layers interact through a number of the hydrogen
contacts of the BEDT–TTF ethylene groups with oxy-
gen (H···O = 2.35–2.83 Å) and chlorine (H···Cl = 2.62–
2.99 Å) atoms.

3.2. Conducting Properties and Shubnikov–de Haas 
Oscillations

The temperature dependence of the transverse resis-
tance R of the sample is shown in Fig. 5. Superconduc-
tivity has not been detected down to a minimum tem-
perature of 0.5 K. The R(T) dependence has a positive
derivative over the entire temperature range below
300 K. A short negative-derivative segment appears
only at a low temperature. This segment is shown in the
inset to Fig. 5. At T < 3 K, the R(T) dependence is seen
to be well described by a logarithmic law, which sug-
gests that the low-temperature segment with a negative
slope in the R(T) dependence is related to the weak
localization effect in a quasi-two-dimensional system.

Figure 6a shows the dependence of the transverse
resistance of the sample on the magnetic field at 0.5 K.
At low fields, a small segment with a negative magne-
toresistance exists, which is thought to be related to a
magnetic-field-induced break in weak localization.
Shubnikov–de Haas oscillations are clearly visible in
fields higher than 10 T, and their amplitude increases
with the field. The oscillation period on the 1/B scale is
2.66 × 10–3 T–1, which corresponds to a fundamental

b
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O16
Cl2

Cl1
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O11
O14
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+

[Fe(C2O4)3]
3–

Fig. 4. Projection of the complex anion layer along the c
direction.

Table 1.  Geometry of the hydrogen bonds between the hydroxonium cation and the anion in
β''-(BEDT−TTF)4H3O[Fe(C2O4)3] · DCB

D–H···A contact D–H, Å H···A, Å D–H···A angle

O1–H1a···O16 1.08(7) 2.07(5) 139(1)°

O1–H1b···O14 1.14(4) 1.94(5) 144(3)°

O1–H1b···O15 1.14(4) 2.04(5) 128(3)°

Note: D and A are the donor and acceptor of the hydrogen bond, respectively.
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mode F1 = 376 T. The inset to Fig. 6a also demonstrates
that oscillations with a larger period (which is approxi-
mately equal to 1.2 × 10–2 T–1) are also present apart
from this mode, and they correspond to a fundamental
mode F2 ≈ 80 T. Both modes are clearly visible in the
Fourier spectrum of the Shubnikov–de Haas oscilla-

tions given in Fig. 6b. A more complete spectral analy-
sis of the oscillations requires additional studies over a
wider magnetic-field range.

4. DISCUSSION

As the components of the complex anion layer in the
β''-(BEDT–TTF)4AI[MIII(C2O4)3] · G family change,
the following crystals can form: superconductors, sta-
ble metals, and crystals with a metal–insulator transi-
tion. When considering the structure–properties corre-
lation, we detected a number of relations. For example,
an increase in the metallic atom size increases the
superconducting transition temperature Tc in the series
CrIII–FeIII–GaIII. However, the pronounced dependence
of the conducting properties on the type of neutral guest
solvent molecules entering into the structure of the
crystal is of particular interest.

Table 2 gives the sequence of changes in the proper-
ties of the phases with the paramagnetic anion
[FeIII(C2O4)3]3–. The superconducting transition tem-
perature is maximal (Tc = 8.5 K) in the parent com-
pound of the family, which was synthesized using the
BN solvent. A superconducting state in the crystals
with NB and BB appears at a lower temperature
(6.2 and 4.0 K, respectively). Most crystals with DMF
are stable quasi-two-dimensional organic metals down
to liquid-helium temperatures, and only some samples
exhibit an increase in resistance as temperature
decreases below 40–50 K, followed by a superconduct-
ing transition at Tc < 2 K. Finally, the crystals with PYR
demonstrate a complex temperature dependence of the
conductivity with a minimum resistance at 100–150 K
and a maximum resistance at 60–80 K and, then, again
metallic behavior.

The detected effect of solvent molecules on the elec-
tronic properties cannot be put equal to the chemical
compression effect, since the sequence of changes in

100
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Fig. 5. Temperature dependence of the transverse resistance
of β''-(BEDT–TTF)4H3O[Fe(C2O4)3] · DCB. In the inset,
the low-temperature segment is shown on a logarithmic
temperature scale.
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Fig. 6. (a) Magnetic-field dependence of the transverse resistance of β''-(BEDT–TTF)4H3O[Fe(C2O4)3] · DCB at a temperature of
0.5 K and (b) the Fourier spectrum of the Shubnikov–de Haas oscillations in β''-(BEDT–TTF)4H3O[Fe(C2O4)3] · DCB.
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the properties does not agree with the sequence of
changes in the unit cell volumes of the crystals and in
the molecular volumes of the solvents. The volumes of
the G molecules given in Table 2 were calculated from
the structures of the pure solvents (V/Z) using the
CCDC data [28]. In this series of solvents, the volume
of the dichlorobenzene molecule is seen to be maximal;
however, superconductivity in the DCB-containing
crystals is not detected down to 0.5 K.

When considering the structural mechanisms of the
effect of a solvent on the properties of the crystals, we
conclude that the length of the solvent molecule along
the b axis rather than its volume is important. The point
is that the complex anion layer in the crystals of layered
organic conductors can be considered as a supramolec-
ular guest–host ensemble. In the crystals under study,
the structure of the host is an AI[MIII(C2O4)3] anion net-
work with large cavities. Guest–solvent molecules
occupy these cavities and stabilize the structure. A sol-
vent can occupy different positions in the cavity of the
anion layer, and part of the cavity can remain unfilled.
In the family under study, the shape and position of the
guest molecule were found to weakly affect the struc-
ture of the host. The cavity size is controlled by the AI

and MIII anion sizes and weakly depends on the solvent
molecule size. For example, for the crystals with FeIII,
the cavity area is 103 ± 1 Å2, and the difference in the
solvent volumes reaches 40–50 Å3. Therefore, a certain
unoccupied volume is retained in the cavities of the
anion layer when small guest molecules are located in
them. The specific features of the solvent arrangement
are such that the molecule sizes along the a axis are
similar and those along the b axis change significantly;
as a result, the free volume in the hexagonal cavity is
determined by the solvent molecule length in the b
direction. The linear size LG along this direction is cal-
culated from the difference in the maximum and mini-
mum y coordinates of the non-hydrogen solvent atoms
with allowance for the parameter b of each structure
(see Table 2). This parameter increases in the series

PYR–DMF–DCB–BB–NB–BN, which agrees com-
pletely with the change in the properties, and the DCB
molecule fits well into this sequence.

A positional disorder appears when a free space
forms in the hexagonal cavities occupied by small sol-
vent molecules, and this disorder is detected in both
the donor and anion layers of the crystals. The end eth-
ylene groups of one of the two crystallographically
independent BEDT–TTF molecules are located over
the cavity on either side of a solvent molecule along
the b axis (see Fig. 4). They are disordered in all struc-
tures at room temperature; however, in molecular con-
ductors, this is a conventional thermal disorder, which
disappears at 100–150 K. In crystals with small solvent
molecules (which do not transform into a supercon-
ducting state or transform into it at a very low temper-
ature), a disorder in the conducting layer remains the
same [10, 14] or even increases [12] as the temperature
decreases. These crystals are characterized by disor-
dered DCM, PYR, DMF, and DCB solvent molecules
along the 2y axis at room and lower temperatures, and
only the DMF molecule has no twofold axis and can-
not be ordered in the cavity of the anion layer without
changing the crystal symmetry. Apart from disorder-
ing, the anion layer undergoes the rotation of the two
anion oxalate groups that do not lie in the 2y axis and
are located over the free volume of the cavity (see the
values of αox in Table 2), which inevitably should
change the intermolecular radical cation···anion inter-
actions. Thus, a solvent affects both the degree of dis-
order in the structure and the relative position of mol-
ecules in the anion and conducting donor layers.

The behavior of the electron system of β''-(BEDT–
TTF)4AI[MIII(C2O4)3] · G crystals is extremely sensitive
to insignificant changes in the supramolecular organi-
zation, which is likely to be related to the specific fea-
tures of their band structure. According to calculations
for crystals with the DMF solvent [15], the Fermi level
falls in a very narrow energy gap between two upper

Table 2.  Molecular conductors in the β''-(BEDT–TTF)4AI[Fe(C2O4)3] · G family

G* AI , Å3** , Å3 † Properties� Reference

PYR Rb 115 2.43 61.0° M–I–M [13]

PYR H3O 115 2.89 61.4° M–I–M [12, 24]

DMF NH4 115 3.39 62.3° M, Tc < 2 K [15, 21]

DCB H3O 160 4.42 64.4° M (at T > 0.5 K) This work

BB H3O 155 4.61 64.1° Tc = 4.0 K [19]

NB H3O 150 4.75 70.3° Tc = 6.2 K [9]

BN H3O 145 5.32 68.3° Tc = 8.5 K [2]

Notes: * See Fig. 7.
** The solvent molecule volume calculated from the CCDC data [28].

† The solvent molecule length along the b axis in the anion layer of the crystal.
†† The angle between the plane of the anion oxalate ligand and the anion-layer plane.
� M, metal; I, insulator (see text).

VG LG αox
††
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bands in the band structure near a certain point (point Y '
in Fig. 8). Therefore, even small structural variations
caused by a change in the temperature, pressure, or cat-
ion–anion interactions can significantly change the
shape of the Fermi surface in this region. The band cal-
culations in [15] and the studies of the crystals of this
family in magnetic fields [20–25] demonstrate that the
Fermi surface consists of one or two closed orbits in the
superconducting crystals of this family and that the
number of orbits increases and the shape of the Fermi
surface becomes more complex in the case of nonsu-
perconducting phases.

The temperature dependence of the resistance of the
crystals of the family under study often exhibits metallic
behavior with a broad minimum in the range 40–150 K
(the temperature of the minimum is different in differ-
ent phases), and the resistance increases slowly below
this minimum. It should be noted that the dependence
of the conductivity in segments with a negative deriva-
tive is in conflict with the classical semiconductor
behavior. The increase in the resistance is thought to be
related to partial charge localization: the Raman study
of the crystals demonstrates that the peak at a frequency
of 1492 cm–1, which corresponds to the BEDT–TTF0.5+

donor charge at room temperature, begins to split at
100  K [22]. The resistance of the β''-(BEDT–
TTF)4AI[MIII(C2O4)3] · G crystals usually increases
before the transition into a superconducting state [18,
21, 22]; however, this resistance can also continue to
increase down to the lowest temperatures [14, 18, 24],
or the system can return its metallic behavior upon fur-
ther cooling [13, 24]. It should be noted that our sam-
ples with the DMF or DCB solvent exhibited a mono-
tonic and virtually linear temperature dependence of
the resistance over a wide temperature range (from 5 to
300 K), which is in conflict with the nonmonotonic
dependences detected in [22, 24, 26]. This conflict is
likely to indicate that the electron correlations respon-
sible for the formation of charge density waves and par-
tial carrier localization are weakly pronounced in our
samples.

The magnetotransport properties of the samples of
an organic metal with FeIII and the DMF solvent were
studied earlier in pulsed magnetic fields as high as 55 T
[21, 23]. The Fourier spectrum of the Shubnikov–
de Haas oscillations exhibited two frequencies with
maximum amplitudes, namely, Fa = 48 ± 2 T and Fb =

241 ± 5 T. These frequencies corresponded to two dif-
ferent closed orbits appearing in a strong magnetic field
as a result of a magnetic breakdown. The cross-sec-
tional areas of these orbits were 1.2 and 6.0% of the
cross-sectional area of the Brillouin zone, respectively.
The authors of [23] performed experiments at a pres-
sure as high as 1 GPa and found that the topology of the
Fermi surface in these crystals did not change with
pressure and that the frequencies of the Fourier compo-
nents of the Shubnikov–de Haas oscillations increased
monotonically and reached Fa = 71 T and Fb = 350 T at
the maximum pressure. We could assume that the
Fermi surface in our samples has the same topology but
slightly different sizes, which results in the two fre-
quencies of Shubnikov–de Haas oscillations that corre-
spond to the closed cross sections detected as a result of
a magnetic breakdown in the experiments of [21, 23].
Then, comparing the oscillation frequencies in our
samples and the samples from [23] under pressure, we
could conclude that the substitution of the DCB solvent
for DMF leads to the compression of the lattice that
corresponds to an applied pressure of slightly above
1 GPa. However, as shown above, this effect cannot be
reduced to chemical compression, and the scenario of
the structural reconstruction is more complex.
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