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INDUCTIVE AND RESISTIVE STUDIES OF THE AMBIENT
PRESSURE ORGANIC SUPERCONDUCTOR 8—(BEDT—TTF)213

K. DOUGLAS CARLSON, G. W. CRABTREE, M., CHOI,
L. N. HALL, P. THOMAS COPPS, HAU H. WANG, THOMAS J.
EMGE, MARK A. BENO AND JACK M. WILLIAMS

Chemistry and Materials Science and Technology
Divisions, Argonne National Laboratory, Argonne,
Illinois 60439

Abstract Inductive studies based on rf penetration
depth measurements and resistive studies based on
4-lead electrical resistivity measurements are
reported for the sulfur-based ambient pressure
superconductor  B-(BEDT-TTF),I3. The inductive
studies show that the bulk superconducting transition
temperature (Tc) is sample dependent, with values of

ranging from 1.2 K to 1.4 K. The critical magne-
tic fields H show considerable anisotropy in direc-
tions perpendzicular and parallel to the crystallo—
graphic ab plane. The electrical resistivity as a
function of temperature shows linear and quadratic
dependences on T and unusual structure near 8 K and
4 K.

INTRODUCTION

The discovery1

in 1980 of superconductivity 1in the
Bechgaard salts, (TMTSF),X, where TMISF is the Se-based
organic radical-cation donor tetramethyltetraselenaful-
valene and X 1is a univalent complex inorganic anion, has
stimulated the search for new organic conductors having a
superconducting state. These TMTSF salts constitute the
first known class of organic superconductors. Charge-

transfer salts of the type (BEDT-TTF),X, derived from the
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BEDT-TTF donor bis(ethylenedithio)tetrathiafulvalene,
abbreviated as "ET", now constitute the second class of
organic superconductors, with potentially more interesting
normal-state and superconducting properties than the TMTSF
derivatives. Parkin et al.2 first discovered supercon-
ductivity in these S-based organic conductors in studies
of (ET)ZReO4, which was reported to be superconducting
near 2 K at pressures above 4 kbar. Yagubskii et al.3
first discovered ambient pressure superconductivity in the
ET salts with the 13— anionic derivative, B-(ET),I3, which
was reported to be superconducting at 1.4-1.5 K. This
discovery of ambient pressure superconductivity, second
only to (TMTSF)2C104, has since been confirmed to be a
volume (bulk) property of B—(ET)213.4—7 Although the
existence of a superconducting state is now well docu-
mented for B—(ET)213, the various normal-state and
superconducting properties of this salt remain largely
uncharacterized. In this article, we describe inductive
and resistive studies at ambient pressure of B-(ET)2I3
which focus on (1) variations in the onset temperature of
bulk superconductivity, (2) the anisotropy in the upper
critical magnetic fields, (3) the temperature dependence
of the electrical resistivity, and (4) the resistivity
near 200 K where the crystals undergo a novel tramsition

to an incommensurate modulated structure.® 9

EXPERIMENTAL PROCEDURES

8-(ET)213 crystals were prepared by electrochemical
oxidation of ET (i.e., BEDT-TTF) in the presence of the
supporting electrolyte (n-Bu,N)I,, as previously

described.l‘ The electrocrystallization produced at least
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two phases: the nonsuperconducting a-(ET)213 phase, which
has a metal-insulator transition near 140 K,lo and the
superconducting 3-(ET)213 phase (both with space group PT,
Z = 1). The B phase involves stacks of the ET molecules
interconnected by See«eS contact distances (interstack
distances) which are less than the van der Waals S—atom
radius sum (3.60 A).4 This arrangement produces a
corrugated-sheet network of S-atoms which promotes
electrical conductivity in the crystallographic ab
plane. Depending on the solvent and other parameters, the
electrocrystallization produces both a and B phases and
several crystal morphologies. Prominent among the 8 phase
morphologies are distorted hexagon—shaped4 crystals and
needlelike3 crystals.

The inductive studies discussed in this article were
carried out on two kinds of samples consisting of roughly
hexagon-shaped crystals. One sample consisted of a single
B-phase crystal with dimensions of ~ 1x1x0.3 mm3. The
other sample consisted of a mixture of smaller B-phase
crystals, each with dimensions of ~ 0.5x0.2x0.05 mm3  or
smaller. The small crystals were taken from a different
electrocrystallization synthesis than that of the 1large
single-crystal specimen. The inductive experiments con-

11 down to

sisted of rf penetration depth measurements
temperatures of ~ 0.4-0.5 K (pumped He3) in applied static
magnetic fields in the range of 0-15 kOe. 1In this method,
superconductivity is detected by an increase in the rf
resonant frequency of an LC circuit due to the persistent
shielding currents of a superconductor suspended in the rf

coils The rf frequency can be determined to ~ 1 part in
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10° Hz, which permits the detection of bulk superconduc-~
tivity in as 1little as ~ 5 yg of a superconducting
sample.5 The resistive studies consisted of 4-lead
electrical resistivity measurementsl? as a function of
temperature on a needlelike crystal with dimensions of
~ 1.3.x0.1x0.06 mm3. The leads were gold wires attached
by conductive gold paste, and the measurements employed
low-frequency ac currents (50pyA at 37 Hz) with phase-
sensitive detection of the voltage. The resistivity was
measured in the high-conductivity ab plane along the

needle axis, which 1s the crystallographic a axis.

INDUCTIVE MEASUREMENTS BY RF PENETRATION

Several different definitions have been employed for the
so-called critical temperature T of superconductivity in
organic conductors. These 1include the "half-signal”
definit:ion,13 in which T, is taken as the temperature at
the midpoint of the transition from the normal-state to
the superconducting-state value of a given property, and
the "extrapolated-signal” definition7, in which T, is
determined by the intersection of linear extrapolations of
the superconducting- and normal-state data. In inductive
measurements, We prefer to define T, as the temperature at
which the induced signal (e.g., the rf resonant frequency)
first departs from the normal-state value since this
measures the onset of bulk (volume) diamagnetic shielding
currents 1in the sample. Organic superconductors in
general have low transition temperatures and rather broad
superconducting transitions, so that these different
definitions of T give significantly different

c
temperatures.
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Different values of Tc (however they are defined) may
arise from different measuring techniques. Electrical
resistivity, for example, may be dominated by filamentary
behavior, whereas inductive signals are responsive to
changes 1n the bulk properties of the conduction
electrons. We have suggest:ed5 that another source of
discrepancy in inductive measurements on 8—(ET)213 may be
the physical dimensions of the crystals because of the
possibility of relatively large London penetration depths
in organic superconductors. With a crystal dimension
being comparable to the penetration depth, the apparent T,
would be smaller than the actual T, due to the penetration
of the rf field through most of the sample at temperatures
near Tc' The importance of this effect can be evaluated
by comparing the values of T. observed for a large and a

small crystal.

Figure 1 shows the superconducting transition curves
at zero applied magnetic field for the single crystal
specimen of B—(ET)213 and the polycrystalline sample.
Both curves are broad and incomplete down to the lowest
temperature achieved. The difference in signal size is
attributed to the difference in volumes of the two
samples. The curve for the polycrystalline sample, with
T, = 1.40 + 0.02 K for the onset of bulk superconductiv-
ity, has been reported previously.5 The curve for the
single crystal specimen has Tc = 1.23 £ 0.02 K, which is
considerably smaller than the value for the polycrystal-
line sample even though the single crystal has much larger

dimensions. In both experiments, the cooling rates were
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comparable (overnight cooling from room temperature

~ 70 K and further cooling to ~ 2 K at a rate

~ 1K/m). This demonstrates that the penetration depth 1is

not an especlally important parameter for the crystals of

B-(ET)213 and that T, is a sample dependent property.
have measured T, = 1.30 £ 0.02 K in another sample

polycrystalline material. The largest T, reported® to

date for an 1nductive measurement (low-field ESR)

B-(ET),I; is 1.6 K.

p-{BEDT-TTF),l3

4.0

Severa! Crystals
140 £ 0.02K

1°L Single Crystal
123 002K

1.0

Change in Resonant Frequency (kHz)

" s 1 4 1 L 1
0 0.4 0.8 1.2 16

T(K)
FIGURE 1. Change in rf resonant frequency vs
temperature for two B-(BEDT-TTF),I3 samples
at zero applied magnetic field.

Critical magnetic fields of the single-crystal

B—(ET)2I3 specimen were investigated by rf penetra
depth measurements in fields applied along various or

tations of the crystallographic axes. At fields

tion
ien-

near
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H =0 in all orientations, there was a sharp decrease in
the oscillation frequency with the first application of
the magnetic field, consistent with the measurements by
Schwenk et al.’ of very low values of Hop (£ 0.36 Oe) for
all three crystallographic axes. The oscillation fre-
quency decreased smoothly with increasing field down to
the resonant frequency of the normal state at H.o. At
temperatures near 1 K, ch(Hc*) was ~ 400 Oe for fields
directed along the 2* axis, and Hg., (lc*), i.e., for H in
the ab plane, was larger by more than an order-of-
magnitude for fields parallel to the ab plane. The
anisotropy of the critical fields was considerably smaller
in the ab plane, thus confirming the two-dimensional
metallic character of 8-(ET)2I3. In a previous article,5
we reported upper critical fields of ~ 600 Oe at 0.45 K
for the polycrystalline sample. This critical field
represents an average of crystal orientations with a
rather small fraction of solid angles having large
critical fields.

ELECTRICAL RESISTIVITY

The electrical resistivity of the s—(E’I‘)213 needle along
the a axis 1is 1llustrated for the zemperature range of
300-1.3 K in Figure 2. This crystal had a resistivity of
~ 0.l Q@ cm at 300 K and a residual resistivity ratio
(p300/p4.2) of ~ 450, comparable to values reported by
Yagubskii et al.3 This figure shows a slight but abrupt
resistance jump near 210 K, similar to resistance jumps
often observed in the resistivity of (TMTSF)2X salts.ll'
The resistivity was linear in the temperature from 200 to
100 K, and 1t closely followed a T2 dependence from
100-10 K. It is interesting, and perhaps significant
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because of the layered-type structure of B-(ET)213, that
Tis, (a prototypical layered structure) also has a
resistivity proportional to 12 over a large temperature

15 A T2 dependence 1is

range encompassing this region.
usually associated with electron~electron scattering,

whereas a linear temperature dependence implies

10 T T T T
B-{BEDT-TTF)ls
107 —
g 1072 —
10—3,_ —
-4 1 1 I I |
107 3 0 30 100 300

T(K)

FIGURE 2. Log-log plot of the normalized
resistivity (pT/"SOO) along the needle axis
(a axis) of B-(BEDT-TTF)213 as a function of

temperature.

electron-phonon scattering. Below 10 K, the resistivity
shows an abrupt decrease near 8 K, suggestive of a first-

order phase transition, and another decrease near 4 K.
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These features are illustrated in Figure 3, and they are
reproducible on thermal cycling of the crystal. This
figure clearly 1illustrates the 12 dependence of the
resistivity above ~ 10 K.

Yagubskii et al.3 reported that their needle-shaped
crystals of 8—(ET)213 gave a decrease in resistivity near
4 K but their flakelike crystals (presumably 1like our
hexagon-shaped crystals) exhibited only an insignificant
decrease at this temperature. An examination of their

graphical data shows a decrease in resistivity also near

16— B-(BEDT-TTF),l3

Q1/Qa00
[- ]
T

T(K)

FIGURE 3. Normalized resistivity vs temperature of
B-(BEDT-TTF),I3 from 16 K to 1.3 K. The solid curves
are guides to the eye. The plotted points are
selected values from a continuous graph of the sample

resistance,
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10 K for the needlelike crystals. We have explored this
region by rf penetration depth measurements but have
observed no change in the resonant frequency from the
normal-state value from 12 K down to the bulk supercon-
ducting transition temperature. Figure 3 shows a nearly
linear region of resistivity from 4 K to 1.6 K and a
pronounced drop in resistivity beginning at 1.6 K with the
"half-signal" resistivity occurring near 1.4 K, similar to
the results reported by Yagubskil et al. These authors
have shown that zero resistance occurs near 0.5 K, indi-
cating that the superconducting transition i1s about as
broad in resistivity measurements as it is in the induc-
tive measurements.

The electrical resistivity behavior on thermal
cycling of the needlelike crystal of 3—(ET)213 is
illustrated in Figure 4. This behavior 1is quite similar
to that described by Ishiguro et al.l* for (TMTSF),Cl0y.
The curves labeled as 3 and 5 in Figure 4 represent,
respectively, the third and fifth cooling and warming
cycles between 300 K and 4.2 K or lower. The third cycle
shows several sharp resistance jumps on cooling, one jump
being rather large, and a somewhat smooth change 1in
resistivity with the occurrence of a maximum near 150 K on
warming. The initial cycle (not illustrated) gave much
larger resistance jumps and a much larger maximum in the
resistivity. The fifth cycle shows only one small resist-
ance jump on cooling and a much smaller maximum in the
resistivity on warming. The cooling curve for the fifth
cycle is the source of data represented in Figures 2 and
3. The resistivity in all of the warming curves reached a

common resistivity similar to that for the cooling curves
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FIGURE 4. Normalized resistivity vs temperature for

the thermal cycling of B—(BEDT—TTF)213. Solid curves

are for cooling from 300 K; dashed curves are for
warming from 4.2 K. The numbers denote the third (3)
and fifth (5) cycles beginning with the initial

cooling of a virgin crystal.

at temperatures above ~ 230 K. All of the curves dis-
played the rapid decrease in resistivity near 8 K. It is
interesting to note that if every cooling curve 1is
rescaled at each resistance jump to eliminate the discon—
tinuity, all curves give roughly the same representation
of the temperature dependence and the residual resistivity
ratio. Our experience suggests that the source of the
resistivity jumps 1is strain developed at the electrical

lead-crystal surface interfaces.
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After the fifth thermal cycle, the resistivity curves
became identical on cooling and warming between 300 K and
150 K. This permitted us to examine the region near 200 K
where 6-(ET)213 undergoes a transition to an incommensu-
rate modulated structure,8'9 which 1is the first such
structure observed for any organic superconductor. Above
200 K, there 1is structural disorder in one set of the
terminal ethylene groups of the ET cation. Below 200 K,
there occurs a modulated superstructure with a modulation
wavelength which 1is incommensurate with the fundamental
lattice, and this persists to temperatures at least as low
as 10 K. Figure 5 shows the resistivity of the B-(ET)213
needle in the region of 280-150 K. The resistivity is

10— T T T T T
B-(BEDT-TTF )1y
08 4 4
g - -
g
& o -
0.4 -
i 1 i | l
180 180 200 0 260 280
T(K)

FIGURE 5. Resistivity of B-(BEDT-TTF)I3 in the
region of 280 K - 150 K. The solid lines were
derived from a linear least-squares analysis of the

plotted experimental points.



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:55 20 February 2013

INDUCTIVE AND RESISTIVE STUDIES OF 8-(BEDT-TTF),], 157

linear in T from 300 K to 230 K, it undergoes a gradual
change in slope between 230 K and 200 X, and it again
becomes linear in T with a larger slope at 200 K. There
is no evidence of any discontinuity in the resistivity
near 200 K. The difference in slopes for the two linear
regions, however, 1is consistent with the possibility that
the superstructure represents some long-range ordering
which decreases the electron-phonon scattering assoclated

with the high temperature lattice.
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