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Linear coefficient of thermal expansion α(Т) of single crystal (BEDT–TTF)2Cu[N(CN)2]C1 was studied 
along the crystal layers using the method of precise capacitive dilatometry in the temperature range 2–285 K. It 
is positive in this direction over the entire temperature range. Anomalies of thermal expansion were observed at 
29–30 K and 74–80 K. The anomaly near 30 K is, apparently, due to the transition between the paramagnetic 
phase and the antiferromagnetic insulator state. Peak of α(Т) at 78 K corresponds to a phase transition related to 
orientational disordering of ethylene groups in dimers of BEDT–TTF. A broad maximum of α(Т) in the tempera-
ture range 40–70 K, is apparently explained by fluctuations of charge within the dimers, and by spin fluctuations, 
which first increase with increasing temperature, and then decrease in process of thermal disordering of dimers. 

PACS: 65.40.De  Thermal expansion; thermomechanical effects; 
63.22. Np  Layered systems. 
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1. Introduction. Quasi-two-dimensional organic 

conductors and their magnetic properties 

The problem of synthesis and study of the physical 
properties of low-dimensional organic molecular conduc-
tors and magnetic materials is at the junction area of solid 
state physics, materials science and organic synthesis. Or-
ganic (super) conductors and magnets on the basis of the 
cation — radical salts are unique materials with regard to 
their structure and properties. They are quasi-one-dimen-
sional or quasi-two-dimensional systems, whose structure 
is characterized by the presence of conductive packages or 
layers of organic (metal organic) π-electron donors with 
the completely filled top electron band and strong electron 
correlations and interaction of charge carriers with the in-
ternal molecular vibrations. Due to this, such salts have 
unusual electronic properties distinguishing them from the 
elemental metals. The ground state in them can be metallic 
state, competing with the Mott insulator, the magnetically 

ordered or superconducting state, depending on the width 
and the filling of the initial metal band and the nature of 
the electron-phonon interaction. Organic conductive sys-
tem attracted the constant attention of specialists that oper-
ate in the areas of basic research and applied topics, be-
cause these compounds are artificially synthesized metals 
and semiconductors. In general, organic molecules have 
a stand-alone structure with a closed electron shell, where 
two electrons with opposite spins take their HOMOs 
(highest occupied molecular orbitals). The charge carriers 
in such systems can be administered either by injecting 
electrons in lowest unoccupied molecular orbitals (LUMOs), 
or removal of electrons from HOMOs. 

To date, there are at least three strategies for creating of 
conductive systems in organic solids [1]. The first is the 
introduction of mobile charge carriers by doping of cations 
or anions in the neutral crystal of π-conjugated molecules. 
For the first time such an organic semiconductor system 
was observed in pirilene doped with halogens [2]. Recent-
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ly, a new organic superconductor was created by doping 
solid picene with potassium [3]. Another well-known strat-
egy of preparing of conductive systems is a synthesis of 
donor and acceptor salts [4]. Because the molecular struc-
tures and the directions of stacking of the molecules in 
these compounds have a strong anisotropy, the electronic 
band arising due to the overlap of the molecular orbitals of 
neighboring molecules is low-dimensional. The third strat-
egy is the introduction of the charge carriers through the 
interface of the organic crystal and the insulating layer [5]. 

Thermodynamic studies of organic charge-transfer salts, 
obtained by a combination of donor and acceptor mole-
cules, have been carried out for a number of compounds 
[6–8]. It is well known that the organic donor and acceptor 
charge transfer salts can have various types of electronic 
phases, such as superconducting spin density wave (SDW), 
charge density wave (CDW), antiferromagnetic (AFM) and 
so on. TTF–TCNQ salt is best known and has a long histo-
ry of research since the first observation of metallic con-
ductivity in 1973 [9]. In this material, TTF, TCNQ layers 
in the crystal form structures such as double columns. It is 
well known that the metal-insulator transition in these 
compounds occurs at 50 K, due to the Peierls instability of 
the electronic structure of one-dimensional zones. In spite 
of numerous experiments, the details of the transition me-
chanism are not yet fully understood. In TSF–TCNQ salt, 
which is isostructural to TTF–TCNQ, the Peierls transition 
occurs in two stages at 28 and 32 K, each of which is asso-
ciated with the columns of TSF and TTF, respectively [10]. 
Electronic structure of the charge-transfer salts, consisting 
of BEDT–TTF (bisethlendithia tetrathiafuluvalene) and 
molecules of TCNQ was studied by investigating of the 
transport and magnetic properties. In this compound 
BEDT–TTF molecules tend to form a two-dimensional 
(2D) network structure separated with layers of TCNQ. 
These salts have several thermodynamically stable phases, 
usually referred to by the letters α, β, θ, λ and κ, the pack-
ing pattern of the κ-phase differs distinctly from the others 
in the sense that it consists of two face-to-face BEDT–TTF 
molecules. 

Donor and acceptor charge-transfer salts are convenient 
objects for the study of electronic and thermodynamic pro-
perties of quasi-one and two-dimensional systems. A num-
ber of salts has a simple composition 2:1 (D2X or A2Y) and 
1:1 (DX or AY), where the letters B and A denote the do-
nor and acceptor molecules, and X and Y are anions and 
cations. Salts with a complex chemical composition, and 
also containing organic solvents such as THF, CH2Cl2, 
H2O etc. are also sufficiently known. Among them 2:1 
salts are the most studied, as they form a plurality of con-
ductive and semi-conductive systems. [11–13]. In such 
compounds the above-mentioned various types of ground 
electronic states, such as SDW, CDW, an antiferromagnet-
ic ordered by the charge (CO) and superconducting exist 
near the metal phase and are closely associated with each 

other. These salts have layered molecular structure and the 
conductivity occurs in the donor/acceptor layers. Such com-
pounds include 2:1 salts consisting of several organic mol-
ecules: donors such as BEDT–TTF, and their counter ions. 

It is known that charge transfer salts based on BEDT–TTF 
with κ-type structure have interesting physical properties 
due to the correlations in the 2D electron zones. In this 
structure a Mott insulators are implemented with antifer-
romagnetic transition in the region of 10–30 K as well as 
the transitions from a disordered magnetic state into a spin 
liquid, metallic and superconducting states with relatively 
high transition temperatures. Important parameters that de-
termine the electronic properties of these compounds is the 
Coulomb interaction with the energy U, and the conduction 
band width W. κ-type structure is known as a highly dime-
rized structure in which donor dimers arranged almost or-
thogonal position and have a zigzag lattice structure (see 
Fig. 1). 

κ-(BEDT–TTF)2X has a layered structure in which 
two-dimensional layers of dimers are arranged in a triang-
ular anisotropic lattice. In particular, the organic salt 
( ) ( )2 2κ- BEDT–TTF C [u N CN ]C1 (thermal expansion of 

the single crystal was investigated in this paper), has a two-
layer orthorhombic lattice, in which the layers of anions, 

Fig. 1. Model of κ-(BEDT–TTF)2X structure, X are anions (insu-
lating layers). 
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which are located in the ac plane, are perpendicular to the 
b-axis along which the flat BEDT–TTF dimers are situated 
(four per unit cell of the crystal lattice). The planes of di-
mers are inclined (along the a axis) in the ac-plane and in 
opposite directions for adjacent layers. Conducting layers 
of cationic molecules BEDT–TTF ions are separated by 
insulating anion layers Cu[N(CN)2]C1. BEDT–TTF mole-
cules form a plane-parallel pairs (dimers), which are rotat-
ed by 90° relative to the neighboring dimers (Fig. 1). Ener-
gy transfer within the dimer are generally significantly 
higher than other transferences, and therefore each dimer 
can be considered as a structural unit in the 2D plane. Rigid 
dimerization characteristic κ-type structure results in a 
unique situation in the electronic structure of these salts. 
Since each dimer is considered as a structural element in 
this ordering, the electronic state is interpreted as a simple 
effectively half-filled Mott-Hubbard state, and is determin-
ed by a subtle balance of band energy W, indoor/outdoor 
Coulomb energy of dimer (U and V, respectively), and the 
electron-phonon interaction between π-electrons existing in 
the low-dimensional lattice. If U is greater than W, the sys-
tem goes into Mott’s insulating state (AFM ground state). 
On the other hand, in the region where W exceeds U, the 
ground state is strongly correlated metallic state. In this 
area a relatively high temperature superconductivity Тс 
(≈ 10 К) is observed [14–16]. 

It should also be noted that in organic charge transfer 
compounds wide variety of electronic and magnetic phases 
is observed at variation of the external parameters such as 
temperature (T), pressure (P), the magnetic field (H), etc. 
This tendency increases sharply in the π-d hybrid systems, 
where π-electrons in the organic layers have magnetic in-
teraction with the d-electrons in the anion layers. The study 
of the relationship between superconductivity and long-
range magnetic ordering is important for creating new or-
ganic conducting systems. A new class of multifunctional 
molecular materials gives an absolutely unique opportunity 
to watch the competition and co-operative relationship bet-
ween two physical processes occurring in the crystal. 

One major advantage of the use of molecular magnets 
is the wide range of possible chemical modification of 
the molecule. There are two major ways for this: changing 
the molecular structure of the donor and varying types of 
anions. Until recently, the role of anions in low-dimen-
sional organic conductors was seen as secondary. Cationic 
and anionic layers are spatially well separated in the crys-
tal, and the conduction band formed highest occupied mo-
lecular orbital of the radical cations. The anions perform-
ing the function of an electron acceptor, may affect the 
packaging donor molecules, which depends on the nature 
of the transport properties, but do not participate directly in 
the process of conduction. In the last two decades various 
kinds of molecular magnets have been synthesized and 
their chemical and physical properties have been studied in 
terms of microscopic and macroscopic positions using var-

ious experimental methods. Been replaced real magnetic 
systems based on molecular magnets, composite magnetic 
systems come in recent years, which are cooperatively 
coupled with multiplet spin degrees of freedom. Such sys-
tems manifested in particular, the spin crossover and spin-
Peierls transition [17]. Recent examples of complex systems 
magnetoelectronic “spintronics” are known as “multifer-
roics” — materials having more than one magnetic order 
parameter at a time. In the case of complex systems with 
many degrees of freedom, the proper interpretation of the 
experimental results is often complex and ambiguous. The 
combination of structural and thermal research methods 
such as studies of thermal expansion is able greatly facili-
tate proper interpretation because the different processes of 
magnetic and structural ordering appear differently in the 
physical properties of these substances. 

Thermal expansion measurements are the important tools 
for the study of fundamental properties of organic conduc-
tors. It is quite sensitive for volume change produced by 
phase transitions. Even for electronic transitions such as 
magnetic and superconductive ones, thermal expansion can 
probe them accurately. They makes possible to observe 
and identify the different types of phase transitions. Deter-
mination of the phase transition temperature provides in-
formation on the degree of ordering of various microscopic 
degrees of freedom of the molecules, atoms and the con-
duction electrons interacting with each other. Measure-
ments of thermal expansion at low temperatures allow to 
observe the emergence of new phases and to obtain addi-
tional information on the nature of phase transitions. Fur-
thermore, efficient use of thermodynamic measurements at 
low temperatures allows clarify the nature of the ground 
state and the low-energy excitation. Precision measure-
ments of thermal expansion and heat capacity at low tem-
peratures can also provide information about the specific 
phase transitions induced by quantum phenomena at low 
energies. 

A major difficulty when measuring thermal expansion 
and other thermophysical properties of organic (super) con-
ductors is cultivation of samples of sufficient mass. Crystals 
of organic charge-transfer compounds are grown usually 
by an electrochemical method or by diffusion from solu-
tions of organic molecules. Typical weight of monocrystals 
is 1–100 mg, and their size is less than 1 mm. Cultivation 
of large single crystals, suitable for measuring the thermal 
properties, is an extremely difficult task. 

2. The experimental technique 

Investigations of linear thermal expansion coefficient 
of the single crystal κ-(BEDT–TTF)2Cu[N(CN)2]C1 was 
performed using a low-temperature capacitance dilatome-
ter. Low-temperature part of the dilatometer consisting of 
a measuring cell and a meter of small displacements is 
shown in Fig. 2. 
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Dilatometer was designed so that all elements, that may 
influence the measured values of the linear coefficient of 
thermal expansion of the sample were in the liquid helium 
bath at a constant temperature, and could not influence on 
the measurement results. To improve the accuracy of 
measurement the sensor of small displacements (3) (see 
Fig. 2(a)) and the high-frequency generator (4) are also at a 
temperature of liquid helium. The temperature of sample 
was measured by a silicon semiconductor thermometer 
(LakeShore DT-470). The required temperature of the sam-
ple is provided by a thermal switch (9) representing a ca-
pillary if necessary filled with liquid or gaseous helium, 
and a copper cold finger (10), having good thermal contact 
with the helium bath and equipped with a heater and a ther-
mometer. Thermal insulation is ensured by maintaining of 
the sample in a vacuum of about 10–6 Torr. A simplified 
diagram of the dilatometer measuring cell is shown in the 
Fig. 2. Elements (1), (2), (5), (8) (see. Fig. 2(b)) were kept 
at a constant temperature of the helium bath. Thermometric 
block consisting of measuring thermometer, a thermometer 
to maintain the temperature, and the sample heater was 
mounted on the stage (4) of dilatometer and had a good 
thermal contact with it. The investigated sample (7) was 
placed at the same table. A temperature difference between 
top and bottom of the sample was controlled by a differen-
tial thermocouple (gold–iron alloy — copper), which meas-
ured a temperature difference between the dilatometer 
sample stage (4) and the thin strip of aluminum foil (3), 

which was located between the top of sample and the sap-
phire hemisphere (6), and had a thickness of 0.02 mm and 
a width of 7 mm. Proper securing of a small sample of sin-
gle crystal on the stage and sapphire lens centering relative 
to the sample were provided with a special Teflon mandrel 
(9). Thermal isolation the object table of dilatometer with 
structural units, as well as with sensor of small displace-
ments was performed using point contacts sapphire-
sapphire. Such contacts are well established in dilatometers 
due to the high hardness and thermal conductivity of single 
crystal sapphire [18–19], providing the necessary rigidity 
and a large thermal point resistance. In view of this, on the 
one hand, the temperature gradient through the thickness of 
the sapphire plates can be considered negligible, on the 
other hand, all of the temperature difference between the 
sample and the fixing elements are concentrated in the 
point contacts sapphire-sapphire. As a result, the stock and 
the cell mount are during the experiment at a constant tem-
perature of the helium bath and have no effect on the 
measured elongation. According to the data [18] thermal 
expansion coefficient of sapphire single crystal in the di-
rection of about 60º relative to its hexagonal axis is only 
α = 1.2Т2.2·10–11 К–1 at low temperatures. For the direc-
tion along the axis this value must be even smaller. 

Therefore, in order to make the thermal expansion of 
the sapphire components minimal, they were cut from a 
single crystal of artificial sapphire so that the direction 
along which the measurements of the thermal expansion of 

Fig. 2. Scheme of the low-temperature part of dilatometer, (a) vacuum cup (1); measuring cell (2); capacitive sensor of small displace-
ments (3); high-frequency generator (4); coaxial feeder (5); micrometer screw (6); swivel rod (7); pumping line (8); thermal switch (9); 
cold finger with a block of heater and thermometer (10); (b) measuring cell: stock gauge of small displacements (1); sapphire stem tip (2); 
aluminum lining (3); sapphire sample stage of dilatometer (4); objective table (5); sapphire lens (6); investigated sample (7); sapphire 
stand of sample stage of dilatometer (8); Teflon centering mandrel (9). 
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the samples were made coincides with hexagonal axis di-
rection of the sapphire single crystals. To determine the true 
contribution of the sapphire elements and the aluminum 
foil to the thermal expansion, additional studies were con-
ducted, which showed that this contribution is below the re-
solving power of the apparatus. Dilatometer element sensi-
tive to small displacements was a two terminal capacitance 
sensor included in an oscillator circuit field effect transis-
tor. Block composed of small displacements sensor and the 
generator was at a constant temperature bath of liquid heli-
um. Stability of the generator was about 2∙10–8 within 
a few hours at an operating frequency of about 30 MHz, 
due to the high quality factor of the resonator at the tem-
perature of liquid helium. 

Calibration of the dilatometer was performed immedi-
ately before each series of measurements in two ways: 
i) by mechanically changing of the gap using a micrometer 
screw (Fig. 2(a), item (6)); ii) by measuring of the thermal 
expansion of a special sample of pure copper (copper puri-
ty was 99.999%). When performing the calibration meas-
urements no influence of thermal expansion of structural 
elements of dilatometer was observed in all tempera-
ture range 2–290 K. Maximum sensitivity of dilatometer 
was 2.6∙10–10 cm/Hz. High resolution of the dilatometer 
(2∙10–9 cm) is due not only high stability of the generator, 
but also by specific measures to increase the thermal and 
vibration stability of the entire system as a whole. The 
change in length of the sample was defined both at in-
crease and decrease in temperature. The pressure on the 
sample from the rod was about 1g/cm2 during the experi-
ment. The coefficient of linear thermal expansion α was 
obtained as a derivative of the samples elongation /l l∆ . 

3. Results and discussion 

The linear thermal expansion of the single crystal of 
κ-(BEDT–TTF)2Cu[N(CN)2]C1 was studied in the tempe-
rature range of 2–285 K. The single crystal was synthe-
sized in Osaka University (Japan). The length of the sam-
ple in the measuring direction was L = 1.81 mm, the width 
of the crystal in the direction perpendicular to the meas-
urement ~ 2 mm. Figure 3 shows photographs of the studied 
sample, obtained with an optical microscope which step-like 
image clearly shows the layered structure of the crystal. 

Our experimental data on the relative elongation /l l∆  of 
the sample κ-(BEDT–TTF)2Cu[N(CN)2]C1 were com-
pared with the data of [6] (see Fig. 4). From their compari-
sons, one can conclude that obtained values of α corre-
spond to the thermal expansion of the sample along the 
crystallographic a axis (a is direction parallel as-plane, i.e. 
along the crystal layers). 

The measured value of linear thermal expansion was 
positive in the entire temperature range and is approxi-
mately 1.5∙10–7 K–1 at 2 K. It increases with temperature, 
passes through the maximum at 60 K (4.5∙10–5 K–1), 
shows then the minimum at 85 K (6∙10–6 K–1) and increas-
es again up to 6.5∙10–5 K–1 at 285 K. There were anoma-
lies of thermal expansion: a small at T = 29–30 K and 
clearly expressed one in the temperature range (74–80 K) 
(Fig. 5). 

Figure 5 also shows the values of LCTE of single crys-
tal κ-(BEDT–TTF)2Cu[N(CN)2]C1 along the c axis ac-
cording to [20]. It is noticeable that the temperature ranges 
in which anomalies of thermal expansion along the a and c 
axes manifest themselves substantially coincide in both 
cases. The anomaly near 30 K, is apparently due to the 
transition from the paramagnetic (high-conducting) phase 
(stable above 30 K) to the state of the antiferromagnetic 
insulator (AFI) [21], which in framework of the two-di-
mensional Hubbard model (2D Hubbard model) is de-
scribed as a Mott insulator [22]. This transition, as has 
been said in the first section, caused by the competition of 
local energy of dimers electron states U and the width of 
the conduction band W. 

Broad maximum α(T) in the temperature range 40–70 K, 
probably, may be linked with intra-dimer charge and spin 
fluctuations [23], that firstly increases with increasing 
temperature, and decreases then on account of the thermal 
disordering in the crystal. Peak α(T) at a temperature of 
about 78 K corresponds to a phase transition due to the 
process of disinhibition of fluctuations of ethylene groups 
at the ends of the molecules BEDT–TTF, resulting in ori-

Fig. 3. Studied single crystals κ-(BEDT–TTF)2Cu[N(CN)2]C1 
under magnification. 

Fig. 4. Relative elongation /l l∆  for κ-(BEDT–TTF)2Cu[N(CN)2]C1 
sample, open circles is this work, dashed lines correspond to data 
of [6] (along the three principal axes (a, b, c)). 

Low Temperature Physics/Fizika Nizkikh Temperatur, 2016, v. 42, No. 8 1011 



A.V. Dolbin et al. 

entation ordering of dimers disturbed with increasing in 
temperature [24–26]. 

4. Conclusions 

The thermal expansion of the single crystal of 
( ) ( )2 2κ- BEDT–TTF C [u N CN ]C1 was investigated in the tem-

perature range of 2–285 K along the crystallographic axis (a) 
(i.e., along the crystal layers). The measured thermal ex-
pansion coefficient α(T) of the sample in this direction is 
positive in the entire temperature range. It was detected 
abnormalities of thermal expansion in the temperature 
ranges 29–30 K and 74–80 K. The anomaly near 30 K is 
apparently explained by the transition of the sample from 
the paramagnetic phase in the antiferromagnetic insulator 
state. Peak α(T) at a temperature of about 78 K corre-
sponds to a phase transition due to the orientational disor-
dering in ethylene groups of dimers BEDT–TTF. Broad 
maximum α(T) in the temperature range 40–70 K, proba-
bly, may be linked with intra-dimer charge and spin fluctu-
ations that firstly increase with increasing temperature, and 
decreases then on account of the thermal disordering in the 
crystal. 

The authors thank Prof. A.I. Prokhvatilov for the fruit-
ful discussion. 
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