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We have conducted microwave-loss studies on organic superconductors. We report measure-
ments on a series of crystals prepared from the bis(ethylenedithio)tetrathiafulvalene (ET) donor: a-
(ET),I;, B-(ET),l;, k-(ET),Cu(NCS),, xk-(ET-d3),Cu(NCS),, and «-(ET),Cu[N(CN),]Br. All com-
pounds show clear evidence for superconductivity, although there is a marked difference in the
quality of the crystals as reflected in the microwave signals. The latter three materials show sharp,
well-defined transitions that are comparable to those observed in the high-7, superconductors, and
they exhibit highly anisotropic vortex motion. We confirm the 7, of 11.6 K for the organic super-
conductor k-(ET),Cu[N(CN),]Br, which is 2-3 K higher than that of «-(ET),Cu(NCS),. We also
confirm the approximately 0.5-K isotopic enhancement in the 7, of x-(ET-dg),Cu(NCS),. The
microwave-loss experiment is ideally suited for the search for superconductivity in organics and the
experiment may be performed with the ease and quantity of material required for a melting-point
determination—the measurement is nondestructive, contactless, and may be carried out on micro-

gram samples.

INTRODUCTION

Magnetic-field-dependent or differential microwave ab-
sorption has become an indispensable technique for the
study of high-T, superconductors.? The method, which
for practical purposes senses only superconductivity, can
detect submicrogram quantities and distinguish multiple
T, phases, as well as telling something about the quality
of the superconducting state achieved.

Surprisingly, to our knowledge, this technique has not
been applied to the study of organic superconductors, in
spite of the fact that the method is extremely sensitive
and is a contactless technique. These latter considera-
tions would appear to recommend the technique for or-
ganic materials, which are often available in very small
quantities and are difficult to manipulate due to the fra-
gile nature of the crystals.

In the present study we report measure-
ments on a series of crystals prepared from the
bis(ethylenedithio)tetrathiafulvalene (ET) donor: a-
(ET),I5,7 % B-(ET),1;,° ¢ «-(ET),Cu(NCS),,”* «k-(ET-
dg),Cu(NCS),,”® and «-(ET),Cu[N(CN),]Br.® As
prepared, a-(ET),I; undergoes a metal-insulator transi-
tion at 135 K,> but thermal annealing has been reported
to convert the material into the a, phase, which is an 8-K
superconductor. 1712 B.(ET),]; is a 1.5-K superconduc-
tor,>* but the application of pressure (500 bar) below 120
K converts the material into the 8* phase which is also
an 8-K superconductor.'>'* Tt has also been reported
that some of the B* phase is produced by simply allowing
the material to anneal at 120 K for a period of
time.!® k-(ET),Cu(NCS), is a 10.4-K superconductor,
and the deutero-derivative k-(ET-dg),Cu(NCS), has been
reported to  have  slightly  higher tranmsition
temperature.”® k-(ET),Cu[N(CN),]Br is the most re-
cently discovered organic superconductor and its 7, of
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11.6 K is the highest yet to be reported.’

All of these materials are quasi-two-dimensional sys-
tems!® and this is reflected in the platelike morphology of
the crystals. The two largest dimensions of the crystals
are associated with the conducting planes of ET mole-
cules. The interactions between the organic planes are
inhibited by the interposing layers of counterions.
These alternating planes are perpendicular to the
following axes: a-(ET),I; (¢*), B-(ET),I; (c*), k-
(ET),Cu(NCS), (a*), and k-(ET),Cu[N(CN),]Br (b,b*).
Crystals were mounted for rotation about an axis lying
parallel to the crystal face; that is, perpendicular to the
axes given above. The axis of rotation was parallel to the
microwave magnetic field and perpendicular to the static
and modulation fields.

EXPERIMENT

Most of the samples were prepared by conventional
methods reported in the literature’ ° and our own vari-
ants of these syntheses have been reported in connection
with other studies.!”!® The iodide phases were dis-
tinguished by electron-spin-resonance (ESR) measure-
ments as discussed below. «-(ET),Cu[N(CN),]Br’ was
synthesized in a standard electrocrystallization cell from
ET dissolved in an electrolyte prepared by stirring a solu-
tion of PNP1[N(CN),]™ [mp 217-9 °C, where PNP* is
bis(triphenylphosphins)iminium] in 1,1,2-trichloroethane
with excess cuprous bromide.

Microwave-loss measurements were made using
computer-controlled electron-spin-resonance instrumen-
tation with a Gunn-diode source. Standard operating
conditions consisted of an applied static field of 100 G
with 100 uW cavity power at 9.250 GHz and 3.2 G,
field modulation at 100 kHz. Although there are H,, and
H_, values reported in the literature for these materials, !¢
measurements of microwave loss as a function of
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applied-field strength showed no obvious indication of ei-
ther upper or lower critical fields for flux penetration. A
stepping motor (1000 steps per revolution) was used for
angular measurements, with data synchronously acquired
as the sample was turned at 1 revolution per minute
(rpm). Crystals were contained in 1-mm quartz capil-
laries terminated in a narrow slot to maintain their orien-
tation.

RESULTS

k-(ET),Cu(NCS), and x-(ET-d g ),Cu(NCS),

Figure 1 shows the differential microwave loss mea-
sured for a single crystal of this material cooled in a 100-
G field parallel to the a* axis. For this orientation, mi-
crowave currents drive vortices back and forth across the
b-c plane. Above T, no field-dependent losses are detect-
able and the base line is truly a zero signal. There is a
very abrupt rise at 8.5 K with a weak foot extending to 9
K. Good inorganic high-T, samples do not show such a
foot, and whether it reflects material inhomogeneities or
variations in flux dynamics is uncertain. Conductivity
experiments indicate a 7, of 10.2-10.4 K.® Other mea-
surements in our laboratories (muon-spin rotation'” and
specific heat'®) give values of about 9 K.

Below T, superconducting loss is quenched by increas-
ing resistance to vortex motions. According to the
Gittleman-Rosenblum model, dissipation per vortex
varies as'

o*(Ax)?=w’n/(k*+w’n?) , (1)

with o the microwave frequency, 7 the viscosity, Ax the
amplitude of displacements excited by microwave
currents, and k a pinning force constant. The viscosity
may be estimated from the Bardeen-Stephen expression

1]=(I)0Hc2/pc2 ’ (2)

with ®, the flux quantum, H,, the upper critical field,
and p the normal-state resistivity. The rapid decrease of
microwave loss with temperature indicates that viscous
forces dominate at microwave frequencies.

At lower temperatures, the signal returns almost to the
base line. Such behavior is only found with high-quality
single crystals. Losses in polycrystalline superconductors
are dominated by weak links and exhibit losses down to 4
K.

The high, normal-state resistivity of the organic super-
conductors, 1072 to 1073 Q cm just above T, in the case
of «-(ET),Cu(NCS),,® leads to appreciable microwave
heating. The apparent onset of superconductivity is re-
duced 1 K with a 1-mW microwave power level, com-
pared to the 100-uW level used for these characteriza-
tions. One notes in Fig. 1 a substantial “noise” increase
in regions where loss is very temperature dependent.
Often, at such temperatures, steady-state oscillations with
periods of 1 sec were observed. We believe this is due to
surface inhomogeneities and superconducting patches.
Around such a patch the current density will be higher,
as currents are drawn towards low-resistance regions, and
local heating, proportional to the square of the current
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density, leads to a thermal runaway which eventually des-
troys the patch of superconductivity. We estimate a
thermal diffusion coefficient of 10~# cm?/sec from the ra-
tio of the thermal conductivity and the heat capacity, and
the observed oscillation period then corresponds to dis-
tances of 100 um.

A series of experiments were carried out in which crys-
tals were annealed in various inert, oxidizing, and reduc-
ing atmospheres at temperatures up to 180 °C. No
significant changes were found, apart from a gradual de-
crease in the superconducting response at the higher an-
nealing temperatures and a greater tendency towards ‘os-
cillation.” Microwave measurements are especially well
suited for such studies as the changes in a particular crys-
tal can be followed during an annealing sequence. 2

Figure 1 also shows the variation of loss with the ap-
plied field parallel to the crystal’s b-c planes. In this
orientation, the flux motion induced by microwave
currents is also parallel to these planes and does not re-
quire flux to cross these planes. The temperature depen-
dence in this case is markedly different, increasing mono-
tonically as the temperature drops. In terms of Eq. 1, the
viscous resistance is much less and the loss now increases
with viscosity. Similar behavior is found for polycrystal-
line copper-oxide-based superconductors of low quality
with weak links dominating loss' behavior. Angular
alignment at this orientation is quite critical and, when
the crystal is rotated but a few degrees, the low-
temperature losses are quenched (vide infra). We infer
that flux motion in this crystal is relatively uninhibited
when this motion is not required to cross the b-¢ crystal
planes.

The behavior of a deuterated single crystal, x-(ET-
dg),Cu(NCS),, is shown in Fig. 2. Its response differs
only in an upward shift of T, of about 0.5 K.?® Figure 3
shows the response of a thin film?® grown on sapphire.
The broader transition region and the persistent loss at
lower temperatures indicate that this sample is of lower
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FIG. 1. Differential microwave loss for k-(ET),Cu(NCS),
with the magnetic field parallel (||) and perpendicular (1) to the
a™ axis of the crystal.
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FIG. 2. Differential microwave loss for x-(ET-dg),Cu(NCS),
with the magnetic field parallel to the a * axis of the crystal.

quality than those in Figs. 1 and 2, with weak links im-
portant at lower temperatures.

a-(ET),1,

The ESR spectra of a single crystal of a-(ET),l; is
shown in Fig. 4 both before thermal treatment and after
heating at 75 °C for 24 h. It may be seen that the
linewidth of the ESR line has changed from 87 to 28 G,
which is characteristic of the conversion of a- to «,-
(ET),I;.197 12 Before thermal treatment the crystals of a-
(ET),I; do not show microwave absorption down to 4.2
K. The lower trace in Fig. 5 shows the microwave
differential loss as a function of temperature for this crys-
tal, and it is apparent that the crystal shows an onset for
superconductivity at about 8 K, which is enhanced on
further heat treatment for a period of up to 3 or 4 days,
beyond which the superconducting signal strength begins
to decrease. Furthermore, by comparison with the ma-
terials discussed above, it is clear that the crystal quality

—
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FIG. 3. Differential microwave loss for a thin film of «-
(ET),Cu(NCS), grown on sapphire with the magnetic field
parallel to the @ * axis of the crystal.
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FIG. 4. ESR spectra of a single crystal of a-(ET),I;, both be-
fore thermal treatment, and after heating at 75 °C for 24 h.

does not support a well-developed superconducting state.
This is in agreement with crystallographic studies of this
phase transformation which have consistently shown that
the resulting crystals of «,-(ET),I; are of poor quality —
to the point that the detailed crystal structure of this
phase has not yet been obtained. The ac susceptibility
measurements of superconductivity in «,-(ET),I; show a
broad transition,'!? which is still incomplete at a tem-
perature of 1.3 K,!! and ESR studies indicate that the
crystals may remain a composite of both phases. > While
the ESR linewidth narrows after a day of thermal treat-
ment, the microwave experiments indicate that the crys-
tal quality is relatively poor.

B-(ET),I,

The magnetization of a single crystal of B-(ET),l; is
shown in Fig. 6—this crystal had been allowed to stand
for 24 h at 120 K in the magnetometer, before cooling to

+24h, 85°C

+24 h,
75°C.
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FIG. 5. Differential microwave loss for a single crystal of a-
(ET),I;, after heating at 75 °C for 24 h, and with additional
thermal treatments of 24 h at 75 °C, and 24 h at 85 °C.
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FIG. 6. Magnetization of a single crystal of 8-(ET),I; in a
field of 50 G. Data were taken upon cooling, after a 24-h anneal
at 120 K in the magnetometer.

low temperatures. Without the low-temperature anneal
the crystals showed no evidence of superconductivity in
magnetization or microwave measurements down to 4.2
K. The magnetization indicates that about 1% of the
sample volume has become superconducting. The mi-
crowave experiment is able to detect superconductivity in
a single crystal after 4 h at 120 K, which continues to in-
crease (Fig. 7). Both measurements indicate a supercon-
ducting onset temperature between 7 and 8 K. Previous
magnetization measurements of the ambient pressure
conversion of the 3 to B* phase at 108 K found T, ~4.5
K (20-h anneal), T,~6 K (40 h), and T,~7 K (65 h). '
With an applied field of 180 Oe, and without correction
for demagnetization, the Meissner fraction amounted to
0.2% after 65 h.'> Furthermore, the change in the wave
vector of the superstructure which develops in B-(ET),I,
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FIG. 7. Differential microwave loss for a single crystal of S3-
(ET),I; after standing at 120 K for 4 and 8 h in the spectrome-
ter.
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FIG. 8. Differential microwave loss for k-
(ET),Cu[N(CN),]Br with the magnetic field parallel to the b*
axis of the crystal as a function of the applied-field strength.

below room temperature has been reported to require 30
h for completion and to be preceded by a 4-h induction
period at ambient pressure.?! This latter annealing
period corresponds to about the time necessary for the
detection of superconductivity with microwaves.

k-(ET),Cu[N(CN ),]Br

A T, of 11.6 K has recently been reported for this ma-
terial.® Microwave measurements, Fig. 8, confirm this
value and show that single crystals of excellent quality
can be obtained. The crystal used for the measurements

3m/2

FIG. 9. Azimuthal plot of microwave loss for a crystal of k-
(ET),Cu[N(CN),]Br at 7 and 10.5 K, where the length of the ra-
dius vector is proportional to the measured differential loss and
the angle corresponds to that of the crystal’s b* axis with
respect to the applied field.
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reported in Figs. 8 and 9 was a parallelepiped-shaped
plate with dimensions of 1.08X1.08X0.09 mm® and a
mass of 222 ug. Angular dependence of microwave loss
for this crystal is shown in Fig. 9. In this polar plot, the
length of the radius vector is proportional to the mea-
sured differential loss and the angle corresponds to that
of the crystal’s b* axis with respect to the applied field.
Just below T, this plot consists of two tangent circles
with a node when the field lies in the a-¢ plane. The cir-
cular shape is equivalent to a loss proportional to the
magnitude of the component of the applied 100-G field
normal to these planes, i.e., the number of vortices in-
duced in these planes. At lower temperatures, however, a
very sharp maximum occurs with the applied field per-
pendicular to the b* axis. This behavior is identical to
that of k-(ET),Cu(NCS),, Fig. 1, and we conclude that
these two materials have similar anisotropic motional be-
havior. Recent torque magnetometry studies have found
evidence for extreme superconducting effective mass an-
isotropy in k-(ET),Cu(NCS), which is comparable to that
found for some of the high-T, cuprate superconductors,
and indeed both classes of superconductors contain com-
parably spaced conducting planes.?? One may also note
the absence of any signs of a lower critical field, which
might be expected to reduce flux penetration when the
external field makes a shallow angle with the crystal’s
surface.

Figure 8 also reveals that, for fields > 100 G, the vor-
tex density has a pronounced effect on differential loss, or
loss per vortex. A maximum occurs well below 7', and its
amplitude varies approximately inversely with field. If
we presume that it is the viscosity which is primarily
temperature-dependent through its relation to H,,, then
Eq. (1) indicates a loss maximum when wn=k, with a

HADDON, GLARUM, CHICHESTER, RAMIREZ, AND ZIMMERMAN 43

value inversely proportional to k or 7. The field depen-
dence then suggests k < 1/H, implying that “pinning” in-
volves nearest-neighbor distances. To fully fit such an in-
terpretation, however, requires the highly ad hoc
presumption that field modulation affects only the num-
ber of vortices and not their density. While it is evident
that vortex density has a profound effect on flux motion
in this regime of field and temperature, a more quantita-
tive description is called for.

The T, of 11.6 K reported for this new material® indi-
cates a superconducting transition temperature about 2
K higher than the closely related «-(ET),Cu(NCS),.
Reference to Figs. 1 and 8 shows that the microwave ex-
periment finds 7. for x-(ET),Cu[N(CN),]Br to be 2-3 K
higher than for k-(ET),Cu(NCS),.

SUMMARY

The microwave loss experiment is ideally suited for the
search for superconductivity in the organics as it is non-
destructive, contactless, and may be carried out on mi-
crogram samples. Measurements on «-(ET),Cu(NCS),
and k-(ET),Cu[N(CN),]Br show sharp well-defined tran-
sitions which are comparable to those observed in the
high-T, superconductors and they exhibit highly anisoto-
pic vortex motion. The 7, of 11.5 K in the organic su-
perconductor «-(ET),cu[N(CN),]|Br is confirmed by the
microwave experiments, as is the isotropic enhancement
of T, in k-(ET-dg),Cu(NCS),.
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