PHYSICAL REVIEW B 74, 104504 (2006)

Transport properties and structural features of the ambient-pressure superconductor
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The crystal structure and low-temperature transport properties of the recently synthesized «'-(BEDT
-TTF),Cu[N(CN),]CI radical cation salt are investigated. The crystals exhibit metallic conductivity and are
ambient-pressure superconductors with critical temperature in the range (11.3—11.9) K. The crystals show
some distinctions in structure as compared to that of the Mott insulator x-(BEDT-TTF),Cu[N(CN),]CI:
smaller size of the unit cell and deficiency in the occupancy of the copper positions. Anisotropy of supercon-
ducting properties as well as a nontrivial temperature dependence of the upper critical field were observed.
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I. INTRODUCTION

The determination of the conditions giving rise to super-
conductivity in quasi-two-dimensional organic conductors
based on radical cation salts of BEDT-TTF [bis(ethylene-
dithio)tetrathiafulvalene] and its derivatives is one of the
main objectives in understanding the physics of these
strongly correlated electronic materials.'> The BEDT-TTF
donor is a main building brick for constructing layered or-
ganic metals and superconductors. The molecule contains
eight sulfur atoms and saturated nonplanar CH,CH, groups.
The S atoms promote the formation of multiple side-by-side
S---S contacts in radical-cation layers, while the ethylene
groups create some steric hindrances for face-to-face
m-intermolecular interactions providing the increment of
electronic dimensionality in BEDT-TTF salts. Among this
class of salts, the superconductors with the highest transition
temperatures 7, at ambient and mild pressure are those of the
k-(BEDT-TTF),Cu[N(CN),]X family, with X standing for
halogen ions Cl, Br, and I, or their mixtures.> 12

These compounds are built of conducting radical-cation
BEDT-TTF layers, which alternate with dielectric ones com-
posed of single-charged Cu[N(CN),]X anions (Fig. 1). The
anion sheet consists of polymerized zig-zag chains extended
along the a direction and involving a flat three-coordinated
Cu'* atom with two bridged [(NC)N(CN)]~ dicyanoamide
(dca) groups and a terminal halogen X~ ion. The radical-
cation layer is formed by pairs of BEDT-TTF molecules with
an average +0.5 charge per molecule, which are packed per-
pendicular to each other in the crystal. The proximity of
dimeric units in all directions is sufficient to yield a two-
dimensional sulfur network in the plane of the BEDT-TTF
layers. According to band-structure calculations,'? these &
phases are expected to be metals. However, different ground
states are found within this family: while the salts with X
=Br, Br, 5Cl, 5, and Br ;Cl ; are ambient-pressure supercon-
ductors with T, near 11.5 K,>®10 those with X=Cl, Bry ], |,
and I are insulators, which display a great sensitivity to
pressure.*7%1112 The application of small hydrostatic pres-
sure makes them superconducting with 7,=12.8 K and 3.5 K
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at P=0.3 kbar and 8 K at 1.2 kbar, respectively. On cooling
at ambient pressure, the salt with X=Cl (denoted as
“k-CI” hereafter) reveals weakly temperature-dependent re-
sistivity behavior down to 100 K. Below 100 K, resistance
starts to increase and finally the “k-chloride” undergoes a
transition to an antiferromagnetic insulating (AFI) state.!®!>
Through the observation of the proton nuclear spin-lattice
relaxation, an antiferromagnetic ordering is observed at
27 K. The AFI phase shows weak ferromagnetism below
23 K due to spin canting.!? It is suggested that the magnetic
order is driven by strong electron correlations and that the
k-Cl salt is a Mott insulator. When pressure is varied over a
range of a few hundred bars, the «-Cl salt displays a very
rich phase diagram with paramagnetic insulating, anti-
ferromagnetic insulating, metallic, and superconducting
phases.®1718 It is considered that the pressure induces the
Mott transition from insulator to metal in x-CL!'7"! Accord-
ing to current views, the ground state of the dimeric x-type
BEDT-TTF salts with a half-filled conducting band is deter-
mined by the ratio between an effective on-dimer Coulomb
interaction U, and the width of the conduction band W.20 If
Coulomb interactions become too large (especially the in-
tradimer Coulomb repulsion) in comparison with the band-
width, the carriers are localized on the dimers and the metal-
lic state is destroyed in favor of a Mott-Hubbard state where
the spins of the localized carriers are antiferromagnetically
ordered. The bandwidth can be changed by hydrostatic pres-
sure or chemical substitutions (X), which explains the wide
variety of electron properties and the great sensitivity to
pressure of k-X salts.

Recently we have synthesized the «’-(BEDT
-TTF),Cu[N(CN),]Cl salt (denoted as “k’-CI” hereafter)
which, in contrast to the Mott insulator «-Cl, is a metal at
ambient pressure and undergoes a superconducting transition
with 7,~11.5 K.2! In this work, we report on some pecu-
liarities of the crystal structure of «’-Cl as compared with
k-Cl, transport and magnetotransport properties of the «’
-Cl crystals as a function of the current and magnetic field
direction.

©2006 The American Physical Society
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FIG. 1. (Color online) Structure of «k-(BEDT
-TTF),Cu[N(CN),]CI crystals: (a) a view along the layers and (b) a
conducting radical-cation layer.

II. EXPERIMENT

A. Sample synthesis

The standard method for the preparation of the «-Cl crys-
tals consists of electro-oxidation of BEDT-TTF under con-
stant current in a 1,1,2-trichloroethane (TCE)+10% (vol.)
absolute ethanol in the presence of either two- or three-
component electrolytes containing Cu* salts [CuCl or
Cu(dca)].#>22 In the course of our investigations related to
the synthesis of BEDT-TTF salts with magnetic-coordination
anions based on dicyanamide complexes of divalent transi-
tion metals, we studied the electro-oxidation of BEDT-TTF
in the presence of Mn(dca), and Cu(dca), in TCE with ca.
10% (vol.) ethanol. For Mn dicyanamide, the crystals of
BEDT-TTF salt with a paramagnetic [Mn(dca);]~ anion,
(BEDT-TTF), [Mn(dca);], were obtained, while in the case
of Cu dicyanamide the crystals of «'-Cl salt were formed
together with those of «-Cl (see Sec. IIC) and (BEDT
-TTF), CuCl, ones? as a minor product. The generation of
Cu™ cations, which are necessary to form a Cu[N(CN),]ClI
anion, is probably due to the chemical oxidation of BEDT-
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TTF by Cu(dca),. It is known that Cu** oxidizes
BEDT-TTFE.?* To slow down chemical oxidation, BEDT-TTF
and Cu(dca), were placed in different compartments of an
electrochemical cell. TCE was the source of Cl™ anions as it
has already happened in the synthesis of some BEDT-TTF
salts.?>2¢ It should be noted that because of the low solubility
of Cu?* dicyanamide, the currents which could be passed
through the cell were very low (0.1-0.3 wA). For the com-
parative study of the crystal structure and transport properties
of the k'-Cl and «-Cl crystals, the latter have also been syn-
thesized using the standard procedure:?? the electro-oxidation
of BEDT-TTF in TCE with 10% (vol.) absolute ethanol in
the presence of the electrolyte composed of CuCl,
PPh,[N(CN),], and N(hexyl),Cl.

B. X-ray study and band-structure calculations

In order to clarify what causes the considerably different
transport properties of «’-Cl and «-Cl salts, we have carried
out comparative x-ray crystal-structure studies of these salts.
Selected experimental parameters and crystal data for «’'-Cl
at 297 K (1) and -Cl at 293 K (2), 90 K (3) as well as at
90 K under small pressure (4) are listed in Table I. To create
the pressure the samples were coated with the drop of silicon
organic liquid, polyethylsiloxane (PES); the pressure value is
estimated to be about (300-400) bar (see the next para-
graph). Intensity data for x’-Cl were measured at room tem-
perature on an Enraf-Nonius CAD4 diffractometer with
graphite-monochromated MoK, radiation in an w-scan
mode. Cell parameters were obtained by the least-squares
refinement method with 25 reflections measured in an w-26
mode under the same experimental conditions. All the x-ray
data for «-Cl salt were collected on a Bruker Apex II CCD
diffractometer with graphite-monochromated Mo K, radia-
tion in ¢ and w scans and using an Oxford Cryostream for
low-temperature measurements. Bruker SMART and SAINT
utilities were used for data collection and reduction. Struc-
tures were solved by direct methods and refined using the
SHELXL-97 programs.?’

The tight-binding band-structure calculations for (1)—(4)
were based upon the effective one-electron Hamiltonian of
the extended Hiickel method.?® The off-diagonal matrix ele-
ments of the Hamiltonian were calculated according to the
modified Wolfsberg-Helmholz formula.?® All valence elec-
trons were explicitly taken into account in the calculations
and the basis set consisted of double-{ Slater-type orbitals
for C and S and single-{ Slater-type orbitals for H. The ex-
ponents, contraction coefficients, and atomic parameters for
C, S, and H were taken from the previous work.30

C. Transport measurements

Sample resistance was measured using a four-probe tech-
nique by a lock-in detector at (20-75) Hz alternating cur-
rent. The samples were thin plates with 0.50X0.30
X 0.02 mm?® characteristic size. The largest surface of plate
was oriented along conducting layers (the ac plane). Two
contacts were prepared to each of two opposite sample sur-
faces with conducting graphite paste. In the experiment we
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TABLE 1. Unit-cell parameters and structure-refinement details for the single crystals of «’-(BEDT-TTF),Cu[N(CN),]Cl and «

-(BEDT-TTF),Cu[N(CN),]ClI (space group: Pnma, Z=4).

K'-Cl x-Cl
Temperature, K (1) 297 (2) 293 (3) 90 (4) 90+P
a, A 12.929(1) 12.963(2) 12.8983(5) 12.8932(4)
b, A 29.879(2) 29.897(4) 29.5320(11) 29.5137(10)
¢, A 8.457(1) 8.467(1) 8.3957(3) 8.3913(3)
v, A3 3267.0(5) 3281.5(1.3) 3198.0(4) 3193.1(3)
Size, mm 0.50X0.30X0.017 0.20X0.12X0.12 0.20X0.12X0.12 0.20X0.12X0.12
Number of unique reflections 2872 5295 5246 5167
Number of observed reflections I>20(1) 2056 4416 4995 4940
260,00 ° 50 64.28 64.54 64.22
R, F>40(F) 0.038 0.037 0.018 0.023
Ry, all F 0.065 0.047 0.019 0.024
GOF 1.014 1.084 1.129 1.197

could measure either Rj=V,/J34 or R, =V,4/J;5 when the
current was run mainly parallel [Jll(ac)] or perpendicular
[J L (ac)] to conducting layers, respectively (see Fig. 2). The
value of the current J running through the sample was fixed
and did not exceed 10 pwA. The measurements of the sample
resistance in the temperature range 1.2—300 K were carried
out in the cryostat with a superconducting solenoid, which
generated the field of up to 17 T.

We have tested more than ten samples obtained in the
course of the same synthesis. Some of them were not uni-
form, containing parts with metallic «’-Cl phase as well as
parts with transport properties similar to those of the «-Cl
crystals. The nonuniform samples had the characteristic
shape of a feather (see Fig. 3). They were big enough (3
X 0.5 mm?) so we had an opportunity to make the samples
for the measurements by cutting the small plates from the
different parts of the as-grown sample to measure local-
lattice parameters and transport properties. It has been estab-

lished that the parts with the wunit-cell volume V
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FIG. 2. Temperature dependencies for the longitudinal R|(T) and
transversal R | (T) sample resistances.

=3267(1) A® always had transport properties of metal-like
«'-Cl and the parts with V=3282(1) A3 were semiconductor-
like «-Cl crystals. For both types of the cut samples, com-
plete structural research has been carried out. It is worth
noting that the results of the structural analysis of «-CI crys-
tals, obtained in conditions of our synthesis and synthesized
by the traditional one,*> completely coincided. In this paper
we present the results obtained on the uniform samples,
which had metallic-like R(7T) dependence at ambient pres-
sure. All of them were superconductors with a smooth and
narrow superconducting transition; the transition 10-90 %
width did not exceed 0.5 K. The data for different metallic
k’-Cl samples were similar.

R\(T) and R | (T) dependencies are shown in Fig. 2 for one
of the samples. The temperature dependencies had a positive
derivative in the whole temperature range below 300 K for
both longitudinal and transverse resistances. A small portion
with a negative derivative was observed only at low tempera-
ture near a superconducting transition for transverse resis-
tance R (7).

The components p, and p,. of the resistivity tensor calcu-
lated for the same sample by the modified Montgomery
method’! as well as the resistivity-anisotropy value p,/p,.
are shown in Fig. 4 as a function of the temperature. The
resistivity anisotropy p,/p,. was found to be within 200-400
depending on the sample at 7=300 K and monotonically in-
creased with the temperature decrease attaining a value of
1000-1400 at T=15 K. The extrapolation of p(T) depen-

. = A3 k:Cl
V = 328143, k-Cl WS 26T

Thick edge

Thin plate

FIG. 3. The shape of one of the nonuniform samples. The parts
of the sample with different properties are indicated.
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FIG. 4. Temperature dependencies for the longitudinal- and
transversal-resistivity tensor components p,., p,, and for the resis-
tivity anisotropy p,/pge-

dence to the low-temperature region gives the residual in-
plane resistivity value (0.5-0.7) m{) cm and the RRR value
in the limits 70-100. These parameters together with the nar-
row superconducting transition testify that we deal with
rather high-quality and uniform samples.

The superconducting transition temperature 7, determined
at one half of the normal-state resistance level for different
k'-Cl samples was found to lie in the interval 11.3-11.9 K.
The T, value proved to be slightly dependent on the current
orientation. This effect is demonstrated in Fig. 2 for the
sample with 7.~ 11.5 K measured at Jl(ac). As seen from
the inset, for the J L (ac) T, value proved to be about 0.6 K
smaller. We would like to emphasize that this result does not
depend on the current value at small currents 1-10 uA. This
means that this effect has nothing to do with the electron
system overheating, which could take place because of the
difference in the power dissipation for longitudinal and trans-
versal geometries.

Since the crystal-structure measurements revealed a dif-
ference in the unit-cell volume of «’-Cl crystals in compari-
son with that of x-Cl, we found it interesting to investigate
the influence of external pressure on the transport properties
of our samples. As a rough check we have applied the pres-
sure by cooling the sample immersed into a PES drop. The
result of this experiment is shown in Fig. 5. In the tempera-
ture region 300—120 K the curve R(7) for the sample im-
mersed into a PES drop coincides with that obtained without
it because at 7>>120 K the drop is in the liquid state*? and
does not create any pressure. When the temperature becomes
smaller than 120 K the freezing liquid starts to compress the
sample and its resistance diminishes because of the contrac-
tion of intermolecular S-S contacts. As seen from the inset,
the pressure leads to a decrease in the critical temperature by
about 0.6 K. For different «'-Cl samples the pressure effect
was similar but in some cases it was hardly detectable be-
cause of the transition broadening. For comparison, the result
of a similar experiment on a «-Cl sample is presented in Fig.
6. One can see the semiconductor-like R(7T) dependence at
ambient pressure similar to that observed earlier (see, for
example, Refs. 4, 5, and 7). Under the pressure created by
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FIG. 5. Influence of the pressure on the temperature dependence
of the sample resistance for «’-Cl.

the PES drop the sample resistance at 7<<120 K diminishes
considerably and at T=12.4 K the superconducting transi-
tion occurs. Using the pressure dependence of 7, for «-Cl
(Refs. 4, 6, and 33) we have estimated the pressure created
by the drop of PES. It proved to be in the limits of
300-400 bars.

Let us now turn to the effect of a magnetic field, which
proved to be dependent from both the field orientation and
the current direction in the sample. The application of a mag-
netic field resulted in a lowering 7. and an essential broad-
ening of the superconducting transition took place at Jll(ac)
geometry. However, at J L (ac) the transition shifted to lower
temperatures and no considerable broadening was observed
(Figs. 7 and 8). At the same time one can see a rise of the
measured transversal resistance R, with the temperature
drop just before the superconducting transition. This part of
the R(T) curve with dR/dT<0 may be considered as an
evolution of a small portion with a negative derivative ob-
served near the superconducting transition at B=0. We ex-
plain this growth by the increase of the resistivity anisotropy

40 " 1 .\ 1 " 1 " 1 " 1 " 1 " 1 "
] : 0.30 b
354 0.25
1 020
30+ S o
25 @ o.10
— | 0.05
< 201 00T T 2 1 e T8 20
g ]
15 T(K)
10
5 | ambient pressure
__ compressed
0 T T T T T T T T T T v
0 20 40 60 80 100 120 140 160
T (K)

FIG. 6. Influence of the pressure on the temperature dependence
of the sample resistance for «-Cl.
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FIG. 7. Influence of magnetic field on the superconducting tran-
sition detected by transversal resistance for two different orienta-
tions of magnetic field. For each set of the curves the field changes
by a constant interval within the shown limits.

near T,. To check this statement we have calculated the p,
and p,. values in the vicinity of the superconducting transi-
tion in the presence of the magnetic field (see Fig. 9). As
shown in the figure, the p, value is almost temperature inde-
pendent above T, while p,. goes down with the temperature
decrease leading to an increase of the p,/p,. value. At fixed
pp the smaller is the longitudinal resistivity, the greater is the
transversal voltage, and, consequently, the greater is the mea-

035 L 1 L 1 L 1 L 1 P L | - 1 L | - 1 L 1

0.30
B||b, JlI(ac)

0.25+

0.20

R (Q)
®

0.15+
0.10+

0.05+

0.00 +——F=—F"FT7T"T T T T
3 4 5 6 7 8 9 10 1

T (K)

—— T
1 12 13 14

FIG. 8. Influence of magnetic field on the superconducting tran-
sition detected by longitudinal resistance. The field changes by a
constant interval within the shown limits.
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FIG. 9. Influence of magnetic field on the resistivity-tensor com-
ponents p,. and p, in the vicinity of the superconducting transition.

sured R, value. At B=0 a negative portion on R | (T) depen-
dence near T, appears because the superconducting transition
starts for R at a higher temperature than for R | . This leads
to the increase of the anisotropy and to the growth of R
with the temperature decrease. At B+ 0 this effect becomes
more pronounced (Figs. 7 and 8) and the temperature inter-
val for the portion with dR/dT <0 becomes wider.

III. DISCUSSION

The crystal structure of the organic metal «'-Cl has been
found to be identical with that of the Mott insulator x-CI*
(Fig. 1). It is known that the BEDT-TTF molecule has some
conformational degree of freedom of the terminal ethylene
groups, which are basic units of a hydrogen-bond network
linking the donor and counterion species. These two terminal
groups can adopt either eclipsed (e) or staggered (s) configu-
rations (see Fig. 10). The e and s configurations are energeti-
cally very similar for the isolated BEDT-TTF molecule. In
the BEDT-TTF-based radical-cation salts one of the confor-
mations may become preferred because of the particular
cation-anion interactions. In most of the BEDT-TTF salts
some disordering pattern is observed at room temperature
due to the presence of both conformations. This conforma-
tional feature of the BEDT-TTF donor may be the reason
underlying some specific physical properties of the BEDT-
TTF-based conductors. In the present case we initially as-
sumed that the «'-Cl crystals were more ordered than those
of k-Cl because the degree of disorder of the ethylene groups
exerts an important control of the superconductivity in these
materials. Our results indicate that there is some disorder in
the radical-cation layer of both x-Cl and «'-Cl crystals at
room temperature. The ratio of the e and s conformations of
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FIG. 10. Molecule of BEDT-TTF (a) and two possible confor-
mations of the ethylene groups: eclipsed (e) and staggered (s) (b).

terminal ethylene groups is the same, 0.8:0.2. There is an
ordering tendency towards the eclipsed conformation at low
temperatures although it is not complete even at 90 K. The
ratio of e:s conformations in the x-Cl salt is 0.93:0.07,
0.98:0.02, and 0.98:0.02 at 150 K, 90 K (3), and 90 K+P
(4), respectively. This observation is in agreement with the
results of the thermal expansion measurements* and those of
the specific heat studies® of «-Cl single crystals, which im-
ply that the ordering process of the ethylene groups is not
completed at about 80 K (temperature of a glass-like transi-
tion).

The only feature definitely detected is that the unit-cell
volume for the superconducting sample («’-CI) is smaller
than that for the nonsuperconducting one («-Cl) (Table I). It
should be noted that the Argonne group had «-Cl single crys-
tals with the different unit-cell volumes: 3299(1) A? in Refs.
4, 13, and 15 and 3289.1(4) A3 in Ref. 36. The unit-cell
volume of our x-Cl single crystals 3281.5(1.3) A% is close to
the latter magnitude. An analysis of the intermolecular con-
tacts in «'-Cl crystals shows that their lattice is compressed
as compared to that of «-Cl ones (the difference in the unit-
cell volumes of our «’'-Cl and «-Cl crystals reaches
14.5 A3). All intermolecular S-S contacts in the conducting
layer are a little bit shorter, which results in enhanced inter-
molecular interactions and, consequently, wider partially
filled bands. At this point we must consider what is the rea-
son for the “chemical pressure”-like effect in two compounds
with the same composition. We attempted to refine the occu-
pation factor of Cu in the structures. A tendency towards
larger Cu deficiency in the superconducting sample (7% as
compared with only 1.5% in the nonsuperconducting one)
was observed. We believe that it is the origin of the chemical
pressure effect. Additionally, since the «’-Cl crystals grow in
the presence of Cu?* dicyanamide, the incorporation of Cu**
ions in the anion sheets seems to be quite plausible. The
N(CN),” anion coordinating to a Cu®" may stabilize the
higher oxidation state of copper. The presence of Cu?* ions
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FIG. 11. Donor layer with labeling of the interactions.

contributes to lattice contraction too, as a consequence of the
smaller ion radius of Cu?* (0.80 A vs 0.98 A for Cu'*). Be-
sides, the partial substitution of Cu'* with Cu?* as well as Cu
deficiency results in a change in the number of electrical
carriers, or, in other words, the doping of the Mott dielectric
state (k-Cl). The occurrence of the metallic state and super-
conductivity in the x’-CI crystals is possibly associated with
this effect, as it occurs, for instance, in the «’-(BEDT
-TTF),Cu,(CN)5 superconductor®’ or in copper-oxide super-
conductors. It is well known that the metallic and supercon-
ducting states in the copper-oxide systems are realized as a
consequence of the carrier doping in the antiferromagnetic
insulating state.

Tight-binding band-structure calculations for (1)—(4)
show that the differences in the band structures and Fermi
surfaces are indeed very small. The Fermi surface consists
of overlapping distorted circles and therefore is two-
dimensional in nature, as in the case of other k-phase salts.'3
Because of the similarity with those for other « phases, these
results are not reported here. A more sensitive measure of the
differences in the electronic structure is provided by a com-
parison of the different HOMO:- - -HOMO interactions occur-
ring in the donor layers. The strength of such interactions
in salts (1)-(4) may be evaluated from the so-called
Buomo.nomo interaction energies® (see Fig. 11 for the label-
ing) reported in Table II. Those for the room-temperature
structures of k’'-Cl (1) and «-Cl (2) are very similar. In ad-
dition, those for x-Cl show the expected trend of a slight
increase (interactions I, II, and IV) because of the thermal
contraction. Although there also occurs a decrease of inter-
action III, the former dominates and leads to a slight de-
crease of the density of states at the Fermi level. Let us note
that the intradimer interaction (I), which may be related to
the on-dimer Coulomb interaction, is larger [and n(e/) is also
larger as corresponds to weaker interdimer interactions] for
the Mott insulator x-Cl than for the organic metal «'-Cl at
the same temperature. According to the Kino-Fukuyama
prediction® the Mott-insulator state is stabilized for larger
intradimer interactions.

The transport properties of the «’-Cl samples exhibit
some interesting features. First of all we note the difference
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TABLE II. Values of the |Byomo-nomol for the different interactions and density of states at the Fermi
level n(ep)[electrons/(eV -unit cell)] in the four structures.

‘ﬁHOMO-HOMO| /eV

Structure I II m v n(ey)

1 0.4503 0.1909 0.0591 0.1308 7.21

2 0.4521 0.1904 0.0581 0.1294 7.32

3 0.4700 0.2066 0.0540 0.1411 6.83

4 0.4717 0.2070 0.0557 0.1416 6.78
in the superconducting transition temperature measured at ~ -TTF),I;, «-(BEDT-TTF),Hg, ¢oBrs,* and «-(BEDT
different current orientations (see Fig. 2). The same, but -TTF),X, where X=Cu(NCS),, Cu[N(CN),]Br,

much more pronounced effect was observed earlier in the
layered high-T,. superconductors.*>*! The possible physical
reason for the different 7. values obtained from longitudinal
and transversal resistance measurements is a layer-
decoupling transition, the so-called “Friedel transition, 42
which occurs for a disordered layer array.*?

Another very interesting and intriguing feature is the
strikingly different behavior of the R(T) dependencies in the
presence of a magnetic field for Jll(ac) and J 1 (ac) (com-
pare Figs. 7 and 8). For Jll(ac) one can see a “fan-shaped”
broadening which is typical for high-7,. superconductors and
is attributed to the mechanism of dissipative interaction of
the current with the Abrikosov vortices. We believe that in
our samples the broadening for Jll(ac) occurs because of the
same mechanism as in high-7, superconductors despite the
much smaller 7, values. This is supported by the
observations** of very feeble pinning effects in organic su-
perconductors due to the breakup of the three-dimensional
vortex lines into the uncorrelated two-dimensional pancakes.
As for the J 1 (ac) geometry, the dissipative effects seem to
be suppressed probably because the pancakes in the conduct-
ing layers interact dissipatively mainly with the current com-
ponent parallel to the layer. The absence of noticeable broad-
ening in a magnetic field at J L (ac) allows us to determine
the resistive upper-critical-field value B,, and to plot B.(T)
dependencies from the set of the curves R, (7) at different B
[or R, (B) at different T]. The B,(T) dependence for two
magnetic-field orientations is shown in Fig. 12. All points but
one were obtained from the R(T) curves at fixed B. The last
point in the bottom curve was obtained from the R(B) curve
at fixed T=1.2 K. Of special note is the positive curvature of
the B,,(T) dependencies and the fact that for Bl|b the deriva-
tive dB,./dT is very small at B=0. Nevertheless, as seen
from the inset, this derivative is finite and is equal to

dB,,/dT|p_y=-0.075 T/K. When the magnetic field is
along the (ac) plane, this value is about 18 times greater and
equals —1.36 T/K. Taking into account that for the J L (ac)
geometry the dissipative interaction of the vortices with the
current is suppressed, i.e., we deal with the superconducting
transition rather than with the points on the “irreversibility
line” of the B-T-vortex phase diagram, we can consider that
B.(T) dependencies in Fig. 12 correspond to the temperature
dependencies of the upper critical field B,(T).

The positive curvature of B.,(T) dependencies was ob-
served earlier in organic superconductors By-(BEDT

Cu[N(CN),]CN,* in layered low-temperature superconduct-
ors TaS, and NbSe,,*’ in high-temperature superconductors
Y-Ba-Cu-O, TI-Ba-Cu-0O, Bi-Sr-Cu-O (Ref. 48) and in some
other superconductors. This behavior cannot be explained in
the frame of the BCS theory. Despite numerous theoretical
models the adequate theory for this phenomenon still does
not exist.

Although the crystal and calculated band structures of
k’-Cl and k-Cl salts are practically identical, the former is a
metal at ambient pressure; in contrast, the latter is a semi-
conductor. The most direct way to explain the main proper-
ties of the «'-Cl crystals is to suppose that it is identical to
k-Cl, compressed by some pressure sufficient to transform it
from the Mott-insulator to metal state. Within this model the
compression, determined by the chemical-pressure effect,
may be estimated from the comparison of the transport prop-
erties of k'-Cl samples with that of compressed «-Cl ones.
Taking into account the results of Refs. 4, 6, and 33, and we
can state that both the metalliclike R(7) dependence at T
<100 K and the T.=~11.5 K value for «'-Cl correspond to
compressed «-Cl at about 500-600 bar pressure. Another
way to estimate the effective pressure within this model is to
compare the lattice parameters of «’-Cl with those in «-Cl

18
16
14
12
10

B, (T)

T (K)

FIG. 12. Dependencies B,,(T) for the magnetic-field orientation
in the plane of the conducting layers and along the normal to these
layers.
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under pressure. Using the data of Ref. 36 we get approxi-
mately the same value. Unfortunately this simple model does
not take into account two circumstances. First, since «’-Cl
salt is Cu deficient and probably contains a small amount of
Cu?* instead of Cu'*, the band filling will be somewhat dif-
ferent. Second, the presence of paramagnetic impurities
(Cu®*) may affect the T, value.>”*° One can assume that the
content of Cu?* may be different for different x’-Cl samples,
which could be the reason for the observed difference in 7.
values. It is interesting to note that (i) in contrast to the
ambient-pressure superconducting x-Br crystals, which show
the resistivity maximum around 90 K, the resistivity of
k'-Cl does not pass through maximum under the cooling and
(ii) the temperature dependencies of the upper-critical field
B_(T) for k'-Cl differ markedly from those for «-Cl under
pressure.’! The analysis outlined above provides some
voluble insights into the factors that could control transport
properties of «’-Cl crystals although more complete studies
are necessary and they are underway.

IV. CONCLUSION

In conclusion, we have performed transport measure-
ments, x-ray study, and band-structure calculations on the

PHYSICAL REVIEW B 74, 104504 (2006)

k’-Cl and k-Cl single crystals. These studies show that they
are isostructural, and consequently their electronic structures
are very similar. At room temperature there is the same dis-
order in the radical-cation layer: the ratio of ¢ and s confor-
mations of terminal ethylene groups of the BEDT-TTF mol-
ecule is 0.8:0.2 in both «’-Cl and «-Cl crystals. However, the
two salts differ in their transport properties. At ambient pres-
sure, x-Cl is a Mott insulator and «'-Cl is a superconductor
with a critical temperature lying in the range 11.3—11.9 K.
Two parameters, which can be responsible for the difference
in transport properties of these salts were found: the smaller
unit-cell volume and the greater deficiency of Cu in «’-Cl in
comparison with x-Cl. The transport measurements reveal an
anisotropy of superconducting properties as well as a non-
trivial temperature dependence of the upper critical field.
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