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We have performed measurements of the surface impedance in the normal and superconduct-
ing states of the title compounds in the millimeter wave-frequency range (1-3 cm™!), and have
evaluated the complex conductivity for different crystallographic orientations. Above the transition

temperature, the materials behave like metals with a scattering rate of approximately 20 cm™".
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In the superconducting state the electrodynamics is in good agreement with calculations based on
a BCS ground state: while the penetration depth and the coherence length are anisotropic, the
superconducting energy gap shows no indications of line nodes.

I. INTRODUCTION

Among the more than 20 superconducting salts
of the organic BEDT-TTF family, where BEDT-
TTF is bisethylenedithio-tetrathiafulvalene, x-(BEDT-
TTF);Cu(NCS); and k-(BEDT-TTF),Cu[N(CN),|Br
are the ones with the highest transition temper-
atures at ambient pressure: 7T, = 104 K and
11.6 K, respectively.! In these quasi-two-dimensional
compounds, large molecules are coupled to each other
forming narrow bands with a low electron density.2
BEDT-TTF salts contain the almost planar molecules
SsC10Hs which in the x phase are arranged in dimer
pairs with alternating orientations. Separated by poly-
meric anions of Cu(NCS); or Cu[N(CN)|Br~, respec-
tively, the BEDT-TTF molecules form conducting sheets
with an interplane separation s of more than 15 A.! For
(BEDT-TTF),Cu(NCS),, the room temperature con-
ductivity of the highly conducting (bc) plane is about
20 (2 cm) ~'with an in-plane anisotropy o./0 of approx-
imately 2 and an out-of-plane ratio o./0, larger than
600.3* (BEDT-TTF),Cu[N(CN),|Br has a slightly dif-
ferent crystal structure than (BEDT-TTF),Cu(NCS),,
resulting in different unit cell sizes and symmetries.! In
accordance with the standard setting of the space group
symbol, the interlayer cell direction in (BEDT-TTF),-
Cu[N(CN)2|Br is b and the conducting planes of BEDT-
TTF molecules are (ac). The room temperature conduc-
tivity of (BEDT-TTF);Cu[N(CN);]Br is comparable to
the one of (BEDT-TTF),Cu(NCS);: 04c = 20 (2cm)~?!
and 05 =2 x 1072 (Q cm)~1.5

Various experiments examining the superconducting
state of the BEDT-TTF materials, mainly conducted on
(BEDT-TTF),Cu(NCS),, indicate deviations from what
is expected for singlet pairing. The critical field H,
shows an unexpected behavior at low temperatures® and
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does not follow the linear dependence predicted by the
Ginzgburg-Landau theory. The *H nuclear spin-lattice re-
laxation rate 1/T; was found”® to have an anomalous
peak at half T.. Some measurements® of the specific heat
exhibit a strange T law at very low temperatures with no
residual linear-T' contribution, and an unusual bending
right below T.. But others!! find the specific heat in ex-
cellent agreement with the BCS predictions. While both
NMR and specific heat measurements are sensitive to ex-
citations other than those of the superconducting state,
the parameters which characterize the electrodynamics
best, the penetration depth A and surface resistance Rg,
are free from such complications. Consequently, the mag-
nitude and temperature dependences of these parameters
may, in principle, distinguish between the various possi-
ble symmetries of superconducting states. Low frequency
magnetization measurements®2? with H parallel to the
layers exhibit a strong temperature dependence of the
penetration depth and lead to an unusually large )| along
the plane and a T2 dependence suggesting higher momen-
tum pairing. Studies of the reversible magnetization,!3:14
however, show strong evidence of conventional Cooper
pairing. From the scaling behavior of the radio-frequency
penetration depth, Sridhar et al.!® recently argued for
a nonconventional Meissner state where the penetration
depth cannot be defined in the common way, and they
suggest a flux-flow skin depth. Direct measurements
of the penetration depth employing muon spin rotation
(uSR) techniques are also highly controversial, one'® sug-
gesting s-wave pairing, the other'!? showing important
deviations from the BCS behavior below 1.5 K. A similar
situation has arisen for measurements of the microwave
surface impedance. The surface reactance Xg, which is
proportional to A, was found to be temperature inde-
pendent for T' « T, in configurations both parallel and
perpendicular to the layers.'®72° Recently, however, mi-
crowave surface impedance experiments were reported?!
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which show a slight temperature dependence of the pen-
etration depth down to 0.27T..

After introducing the measurement technique em-
ployed in this study, we will present our results on the
normal state properties of x-(BEDT-TTF),Cu(NCS),
and k-(BEDT-TTF),Cu[N(CN).|Br followed by the sur-
face impedance, penetration depth, and conductivity in

the superconducting state. Parts of the results have been
published earlier.18720,22724

II. EXPERIMENTAL TECHNIQUE
AND DATA ANALYSIS

The organic crystals have been prepared by the stan-
dard electrochemical crystal growth procedure.!:25:26
While the (BEDT-TTF),Cu(NCS), samples were typi-
cally 1 x 1 x 0.1 mm? in size, (BEDT-TTF),Cu[N(CN),]
Br grows in thicker plates or even blocks of approximately
0.6 x 0.6 x 0.5 mm®. A routine check of the crystal
quality was done by a standard ac susceptibility tech-
nique. (The insets of Fig. 1 and Fig. 3 show a typical
superconducting transition of (BEDT-TTF),Cu(NCS).
and (BEDT-TTF);Cu[N(CN),]Br, respectively.) We de-
fine the temperature of the superconducting transition at
the point where the magnetization signal has changed by
10%. The values of T, for the (BEDT-TTF),Cu(NCS),
samples we measured are typically between 8 and 9 K.
The width of the transition is approximately 1 K. The
(BEDT-TTF),Cu[N(CN);|Br compound has a sharper
transition of width ~ 0.3 K and T. = 11.3 K.

To measure the surface impedance Zs in the micro-
and millimeter wave range we employed a cavity pertur-
bation technique?” using resonant cavities at frequencies
of 35, 60, and 100 GHz. The cylindrical TEq;; copper
cavities were operated in a transmission configuration;
in this mode only circumferencial current flows, making
both the field distribution and quality factor Q indepen-
dent of the contact between the body and the removable
end plate. The micro- or millimeter wave power was sup-
plied by either a broadband Impatt source or Gunn oscil-
lator and guided with rectangular waveguides to an input
coupling hole on the top plate of the cavity. A diode de-
tector mounted atop a second waveguide measured the
power transmitted through the cavity. Both the source
and detector were matched to the transmission line with
ferrite isolators to avoid standing waves. A broadband
mixer, attached to the reference arm of a 10 dB direc-
tional coupler, was connected to a frequency counter. An
in-line modulator chopped the microwave signal, allowing
for lock-in detection techniques. Finally, a Mylar window
atop each stainless steel waveguide was used to ensure a
vacuum tight environment. A small amount of He ex-
change gas provided a weak thermal link to the He bath.
A complete temperature sweep from 1.5 K to 300 K was
possible and one of the probes could be cooled down to
3He temperatures (" > 0.7 K). The cooling rate was
always kept below 1 K/min.

In order to obtain a precise measurement of both the
bandwidth I' and frequency fo of the cavity resonance,
we have developed a feedback technique which locks the

M. DRESSEL et al. 50

source to the resonance frequency.?® In this so-called am-
plitude technique, the source frequency is swept over a
very narrow range. The in-phase component of the mea-
sured signal is proportional to the difference between the
source central frequency and the resonance frequency of
the cavity. This correction is fed back to the source
to allow a precise tracking of the resonance frequency
as the temperature varies. For a Lorentzian response,
P(fo) o I'"2 where P(fo) is the transmitted power at.
fo-

Experiments were conducted by first measuring the
temperature dependence of I" and f of the empty cav-
ity (subscript 0) followed by a subsequent measurement
of the same parameters with the sample inside the cavity
(subscript S). The complex conductivity ¢ = o, + io»
was evaluated from a complex frequency shift by using
the standard first order perturbation theory:?’

Ao _Af AT fs—fo  Ts—To

wo fo 2fo fo 2fo

= —4rya,
(1)

where a is the polarizability of the sample, and v is a
geometrical factor which depends on the resonator mode
used and on the dimensions of both the cavity and the
specimen under investigation and has been calculated for
an ellipsoidal sample placed at either the maximum elec-
tric or magnetic field.2?

Using the method described above, we were able to
reduce the measurement error to §(AT'/2f) ~ 3 x 107
and 6(Af/fo) = 3x 1077 at room temperature and more
than a factor of 3 better at low temperature depending
on the sample losses.?*

Two different configurations were employed to mea-
sure the ac response in the highly conducting plane of
the (BEDT-TTF),X crystals. In one configuration, the
sample was placed on the bottom of the cavity near the
half-radius point, at the maximum magnetic field H,,
and oriented such that the field was perpendicular to the
planes. The eddy currents, due to H,., are within the
highly conducting plane. Alternatively, the specimen was
placed on a dielectric post in such a way that the maxi-
mum electric field E,. was parallel to the highly conduct-
ing plane. Similarly, the out-of-plane properties can be
measured by placing the sample in the maximum of the
electric field in such a way that the E, field is directed
normal to the plane. If the magnetic field is oriented
within the plane, we also measure the losses perpendicu-
lar to the planes.

For specimens where the skin depth § = [2/(powo1)]
is much smaller than the sample dimensions (a condi-
tion obeyed over the entire temperature range for the in-
plane measurements), the parameter which determines
the change of the resonance characteristics upon inser-
tion into the cavity is the surface impedance

1/2

1/2

ﬂ) , 2)

o1 — 103

Zs=Rs+iXs=(

where po is the permeability of free space. In this so-
called skin-effect (or surface impedance) regime,
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AT _ Rs

EE_CZO’ (3)
Af _ . Xs
W—_C_CZ_O, (4)

with { the resonator constant, which depends on the ge-
ometry of the surface and its dimensions, and Z, = 377 Q
the impedance of the free space. The constant C indi-
cates the relative shift from an identically shaped perfect
conductor together with an irreproducible frequency shift
due to mechanical uncertainties after removing the end
plate of the cavity to insert the sample.

In the metallic state, if the single particle relaxation
rate 1/(27T) significantly exceeds the measurement fre-
quency, the experiments are performed in the so-called
Hagen-Rubens limit wr « 1. In this limit o7 > o,
and 0y =~ 04c, the dc conductivity. Consequently, from
Eq. (2) we obtain

o (5
g1

Calculating the resonator constant  from the geometry
of the specimen, we evaluate Rs by Eq. (3), and with
Eq. (5) we obtain Xg and subsequently [Eq. (4)] the tem-
perature independent offset C.

In the superconducting state well below T, the over-
all temperature and frequency dependence of the surface
resistance is given by

e ()4 (2) () o

At low temperatures where o, > 0, the surface reac-
tance Xs(T'), which is proportional to the measured fre-
quency shift, is proportional to the penetration depth
A(T),

1/2

= powd 2. (5)

Xs(T) = pow(T), (7)

and therefore can be directly compared with various
model of the superconducting state.

Out-of-plane (BEDT-TTF), X are rather poor conduc-
tors at high temperatures (T' > 100 K), and the skin
depth 4 is much larger than the sample dimension. In this
so-called depolarization limit the complex permittivity
€ = €00 +4mi6 /w for measurements in the antinode of the
electric field is given by the quasistatic approximation?®

_ Aw / Wo ( 8)
v+ NAG/wyp’

where N is the depolarization factor of the sample and

can be calculated for an ellipsoidal shaped specimen.3°

A similar analysis can be done if the sample is placed in
the magnetic field maximum.?”

III. RESULTS AND ANALYSIS

é=1

A. Normal state properties

1. k-(BEDT-TTF),Cu(NCS),

The temperature dependence of 2R%/(uow) and the
dc resistivity along the (bc) plane of k-(BEDT-TTF),Cu
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(NCS), are displayed in Fig. 1. The room temperature
dc resistivity is around p; = 0.05 2 cm. The temperature
dependence goes through a small minimum at 250 K and
then a broad maximum at 100 K. It drops sharply below
this temperature, and in the range 10-30 K it can be
fitted by a parabolic function

=4+ BT?, 9)

where A~ 5x 1075 Qcm and B~ 2 x 107% QcmK~2.
Slightly above the transition (at 10 K) the resistivity is
p =2.5x10"* Qcm. 2R%(T)/(pow) is also plotted for
the results of the microwave measurements at 35, 60, and
100 GHz. This is believed to represent the ac resistivity if
wT K 1 [Eq. (5)]. The measurements were done on sam-
ples from different batches. Studying samples grown in
various laboratories (Santa Barbara, Argonne, Orsay) we
found that the room-temperature-low-temperature ratio
varies, presumably due to impurity concentration and
crystal growth conditions. We also observed a correla-
tion between this ratio and T, indicating the existence
of unintended phases or deviations from the ideal stoi-
chiometry, since it is not obvious why a two-dimensional
superconductor is so sensitive to nonmagnetic impuri-
ties and defects.3! This is in agreement with systematic
studies.32:33 Furthermore, it is known that specimen of
(BEDT-TTF),Cu(NCS), may decompose with time.3*
Assuming that the low temperature resistivity probes the
intrinsic properties, all the data in Fig. 1 were normal-
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FIG. 1. The temperature dependence of the in-plane resis-
tivity of (BEDT-TTF);Cu(NCS); measured at different fre-
quencies. R%/pow is shown for the millimeter wave data. The
curves are normalized to their 15 K value. The inset displays
a typical magnitization curve of xk-(BEDT-TTF);Cu(NCS),
obtained by ac susceptibility measurements. The supercon-
ducting transition temperature 7. = 8.6 K is defined by a
10% change of the signal.
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ized to their normal state value at T' = 15 K. Just above
T, our millimeter wave results show no significant fre-
quency dependence within the scattering due to different
sample qualities and are in accord with o4.. We have
also observed variations in the transition temperature,
as is evident from Fig. 1. The broad transition as seen
in the inset is due to a distribution of transition temper-
atures within the sample. This may be caused by inho-
mogeneities in the sample and by internal stress, since
T. is strongly pressure dependent.3® There are no indica-
tions of superconducting fluctuations above the nominal
T.. With increasing frequency the surface resistance at
the superconducting transition smoothens, as predicted
by the BCS theory.3¢

A metal in the Hagen-Rubens regime (wr < 1) has
a surface resistance 2R%/(pow) = pac. In Fig. 1 we
notice that 2R%/(pow) is equal to the dc resistivity,
suggesting that the compound is in the Hagen-Rubens
regime. In the normal state at low temperatures (BEDT—-
TTF)2Cu(NCS), is close to a simple metal with a re-
laxation rate 1/(2m7)) which exceeds w/27 = 3 cm™!
(100 GHz), in agreement with optical studies which lead
to a relaxation rate 1/(277)) =~ 1000 cm™'.3" This figure
differs a great deal from the value 1/(277)) = 2 cm™! ob-
tained by Shubnikov—de Haas experiments.? The reasons
for this difference are not clear at present and several pos-
sible explanations will be discussed below. Nevertheless,
assuming the Hagen-Rubens limit applies, we can use
the measured value of Rg to estimate the absolute value
of the conductivity in the normal state just above T
(Eq. (5)]: At 60 GHz we obtain a value of oy,(T' = 9 K) =
3.7 x 103 (Qcm)~?! in good agreement with both the dc
value* [0),(T = 12K) = 5.0 x 10° (Qcm)~'] and re-
sults obtained by far-infrared reflectance measurements®”
[o)n(T = 10 K) = 2.0 x 10* (2cm)~']. The Fermi sur-
face area Sp = mk% = 6.37 x 10'* cm™? and the in-plane
effective mass m* = 3.5m. obtained from Shubnikov-
de Haas and de Haas—van Alphen experiments?3%3° lead
to a Fermi velocity vp = Akp/m* = 4.7 x 10° cm/s
in the plane. The charge carrier concentration is n =
1.6 x 102° ¢cm~3 which is significantly smaller than the
hole concentration n = 1.2 x 102! cm~3 expected if one
carrier exists per formula unit, in agreement with the
fact that the Fermi surface contains only 18% of the first
Brillouin zone. From this the conductivity leads to a
scattering rate of 1/(2w7) = 18 cm™! and a mean free
path £ = 150 A. The comparison with other experiments
will be done below.

In Fig. 2 we show the temperature dependence of the
complex conductivity & = o1 + 02 in the perpendicu-
lar direction, measured at 60 GHz for both experimental
configurations: E,. L (bc) plane and H,. in the plane,
respectively. In the latter case, the losses due to the
perpendicular direction dominate the contribution of the
in-plane resistivity. The insets show the experimentally
accessible parameters of the frequency shift Af/fo and
change in bandwidth AIL'/2f, as recorded in the mea-
surement. Although in the normal state the temperature
dependence of the raw data is very different for the two
configurations, they are supposed to probe the same pa-
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rameters. For example, the characteristic frequency fg
drops sharply around 50 K while fg increases. This dif-
ference can be explaned through the cavity perturbation
theory,?” in which a sample induces a very different re-
sponse when the conductivity crosses over from the depo-
larization to the skin-depth regime, depending on which
configuration is employed. By evaluating the complex
conductivity, the intrinsic properties show good agree-
ment between the two independent experiments despite
the apparent differences in the original experimental re-
sults (Fig. 2). This clearly indicates that our assumptions
in the evaluation procedure and concerning the current
flow are correct.

We estimated o7, (T=9 K) = 4.0 (2cm)~!'. Com-
paring the out-of-plane conductivity to the value of oy
gives an anisotropy of approximately 1.1 x 103. This
anisotropy ratio is in agreement with dc values, which
range from 600 to 102-10%.3* Despite the large differ-
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FIG. 2. The temperature dependence of the perpendicular
conductivity o, of (BEDT-TTF)2;Cu(NCS); calculated from
the measurement of A®/wo at the antinode of the electric
field is shown in the upper panel. The lower panel shows
the results of the measurement done in the antinode of the
magnetic field with Ha. in the highly conducting (bc) plane.
The raw data AT’ and Af are plotted in the insets.
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ence in the absolute value, the temperature dependence
of o1, is very similar to the one observed for the parallel
direction (Fig. 1), e.g., the semiconductorlike behavior at
high temperature and a T2-like drop below 100 K. Using
the data shown in Figs. 1 and 2, we have extracted the
anisotropy coefficient as a function of temperature, and
the ratio o /o, was found to be almost temperature in-
dependent (within 10%) between room temperature and
9 K. This agrees with dc studies? where a change in the
anisotropy over the entire temperature range by less than
a factor 2 was found.

2. k-(BEDT-TTF),Cu[N(CN);]Br

In Fig. 3 the temperature-dependent resistivity of -
(BEDT-TTF);Cu[N(CN);]Br measured at 35 GHz is dis-
played for both directions, parallel to the highly con-
ducting (ac) plane and normal to it. First the sample
was placed in the maximum of the electric field with the
highly conducting plane directed parallel to the field (up-
per panel). In order to probe the out-of-plane properties
(lower panel), the sample was put in the antinode of the
magnetic field in such a way that the field was oriented
within the (ac) plane, inducing some interplane eddy cur-
rents. The overall behavior is similar to that observed
in (BEDT-TTF),;Cu(NCS), (Figs. 1 and 2). Above the

[ k—(BEDT-TTF)>Cu[N(CN),]Br ]
100} E in plane 000 ]
< E pi(300K) = § E
2 i ol 3
S |s1x100em 4
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FIG. 3. The upper and the lower panels show the
temperature dependence of the resistivity p; and pi of
(BEDT-TTF);Cu[N(CN);|Br, respectively, at 35 GHz to-
gether with dc results (Ref. 5) normalized to their room tem-
perature values. In the inset ac susceptibility data are dis-
played in arbitrary units. The superconducting transition at
T. = 11.3 K has a width (10% — 90%) of 0.3 K.
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broad resistance maximum at about 75 K, the material
is semiconducting. Due to lattice contraction the trans-
fer integrals might increase and change the state from a
Mott-Hubbard insulator to a metal. p(T") drops rapidly
between 70 K and 30 K below which it decreases more
gradually. At room temperature o = 32 (2 cm)~! and
in this orientation the skin effect limit [Eq. (5)] applies
in the entire temperature range. Since the conductiv-
ity in the b direction is about two orders of magnitude
smaller [0 (T = 300 K) = 0.5 (2cm)~?], the skin effect
regime is entered only below 20 K while the data have to
be evaluated with the depolarization formulas at higher
temperatures.

The comparison of the 35 GHz results with the dc data
of Buravov et al.,’ also shown in the plot, indicates the
high quality of our samples since the room temperature to
low temperature resistivity ratio is about a factor 4 larger
for the microwave results than it is for the dc curve. The
deviation can be solely attributed to the different sam-
ple quality and it does not indicate a departure from
the Hagen-Rubens limit (w7 < 1) (o; decreases for w —
771). Furthermore, optical studies* lead to a low tem-
perature relaxation rate 1/(2r7) ~ 1000 cm™' which is
far above our measurement frequency w/27 = 1.17 cm~1.
Slightly above T. = 11.3 K, we obtain oy,(T =13 K) =
4.0x103 Q cm) ! in excellent agreement with results from
extrapolation of far-infrared reflectance measurements*°
[on(T = 10 K) = 4 x 10®* Qcm)~!]. No Shubnikov-
de Haas oscillations were observed in (BEDT-
TTF),;Cu[N(CN);]Br but calculations of the band elec-
tronic structure®! yield a Fermi surface similar to that of
(BEDT-TTF),;Cu(NCS);. Therefore using the same
charge carrier density, band mass, and Fermi velocity as
for (BEDT-TTF),Cu(NCS),, we estimate a similar mean
free path £ ~ 150 A. Normal to the planes we obtain
01.(T =13 K) = 6.4 (Qcm)~'. The ratio of anisotropy
is 0/oL =~ 650 at low temperatures, while values of 70
and 5000 have been reported from dc experiments.®42

B. Surface impedance in the superconducting state

1. k-(BEDT-TTF),Cu(NCS),

The temperature dependences of Rs and Xs for
(BEDT-TTF),Cu(NCS), at low temperatures are dis-
played in Fig. 4(a). In this 60 GHz (or 2 cm™!) mea-
surement the electric field E,. was parallel to the c di-
rection, and consequently Zg) is probed. The data were
normalized to the value of the surface resistance R, at
9 K. The most obvious feature of this plot is the sudden
drop of Rs below T.. This is expected for a supercon-
ductor for frequencies below the single particle gap 2A,
for which indications were found around 35 cm~?! by tun-
neling experiments, 344 although far-infrared absorption
measurements*® showed no evidence of a superconduct-
ing gap down to 10 cm~!. These results can be compared
with the BCS prediction®® 2A = 3.53kgT,. = 20 cm™1.

As justified by our further analysis, we find that the
limit wr < 1 [and therefore Eq. (5)] does not apply
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strictly in this temperature and frequency range. Cor-
recting the electrodynamic properties for wr < 1 leads to
a deviation of both components of the surface impedance
from the low frequency limit, as can be seen by a simple
expansion

1/2

Rs = (;‘;‘:’) (1- 2t owr)),  (10)
Xs = (;;;)1/2 (1 + %I + O[(wr)2]> . (11)

We have fitted the temperature dependence of Rs and
X for various values of 7 leaving the unknown offset C
in Eq. (4) as a free parameter. The best fits were obtained
for wry = 0.15 at 60 GHz [Fig. 4(a)] and w7 = 0.07 for
our 35 GHz results (Fig. 5). Due to the proximity of the
measurement frequency of 1 cm~? to the scattering rate

[ (BEDT-TTF),Cu(NCS), @
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Rs/Rn
00f =
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FIG. 4. The surface impedance Zs of (BEDT-
TTF)2Cu(NCS); at 60 GHz as a function of temperature.
In the upper panel (a), the measurement of 25" was done
in the antinode of the electric field with E,. parallel to the
c direction. The lower panel (b) shows the temperature de-
pendence of the out-of-plane surface impedance Zs.. This
measurement was done in the antinode of the electric field
with E,. parallel to the a direction.
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FIG. 5. The temperature dependence of the surface
impedance Zs; of (BEDT-TTF);Cu(NCS); measured at a
frequency of 35 GHz. The experiment was done in the anti-
node of the magnetic field with H,. parallel to the (ab) planes.

I, the value of X5 is about 10% greater than Rs.

It is important to notice that in the temperature re-
gion below T., the “normal state” factor is defined by
the temperature-independent value of o, fixed at a tem-
perature point (9 K) slightly above T, rather than the
expected normal state conductivity ¢,(T) [and conse-
quently R, (T') and X, (T')] which would be recovered at
the same temperature. The temperature dependence of
o.(T) below T, was measured by Achkir et al.?! by ap-
plying a magnetic field of 10 T (well above H_.;) while
performing similar surface impedance measurements at
17 GHz. The evaluation had to assume that the magne-
toresistance found above T, can be extrapolated to low
temperatures. In continuation of the above-T. temper-
ature range, the overall resistivity behavior was found
in agreement with the 7' functional form discussed in
Eq. (9). This indicates that the scattering rate 1/7(T) is
temperature dependent, but rules out models predicting
any drastic deviation from a shallow monotonic decrease
of 1/7(T) in the region 0-9 K. However, the 77 1(T) o< T?
functional form will be included in the fit of the data.

The smooth onset and relatively broad transition ob-
served in (BEDT-TTF);Cu(NCS); can crudely be mod-
eled along the lines which have been used for interpret-
ing the specific heat!! by assuming a distribution of local
transition temperatures in the specimen. Such a distribu-
tion is expected also to influence the temperature depen-
dence of the electrodynamical response. We have mod-
eled this by assuming a Gaussian distribution of T, with
a standard deviation of 0.25. The solid lines in Fig. 4(a)
are Xg(T) and Rs(T) resulting from this procedure. Al-
though representing the broad transition with a simple
distribution of independent local transition temperatures
and calculating X5 and Rg is certainly an oversimplifica-
tion, it is clear from Fig. 4 that one can account for the
full in-plane electrodynamics with a BCS ground state
and moderate sample quality. Another way to fit the
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broad transition are fluctuation-based models, since fluc-
tuation effects may occur near T, for very anisotropic
conductors. Indications of fluctuation effects were re-
cently found by magnetization measurements.*6

The temperature dependence of Rs and Xs below T,
= 8.2 K, obtained from a configuration where the elec-
tric field E,. is parallel to the a direction (i.e., normal
to the planes), is shown in Fig. 4(b). As for the parallel
direction, all the data shown in Fig. 4(b) are normalized
to the value of the surface resistance R, at 9 K. Using
the same type of analysis as in the parallel direction, we
have fitted Rs and Xs in a consistent procedure dis-
cussed later. Again we have evaluated the temperature
dependence of the scattering rate by fitting the normal
state resistivity p,(T") above T. by a second order poly-
nomial fit [cf. Eq. (9)], and used this to estimate 7, (T')
in the temperature region below T..

Comparing the temperature dependence of the surface
resistance Rg/R, as measured with the E field along
the a axis [Rs., Fig. 4(a)] with the same measurement
configuration but an E field oriented along the c axis
[Rs|, Fig. 4(b)] points out the perfect agreement of the
two data sets, although the normal state values are very
different.

2. k-(BEDT-TTF);Cu[N(CN),]Br

The surface impedance of (BEDT-
TTF)2Cu[N(CN);]Br is shown in Fig. 6 normalized to the
normal state surface resistance R,, at 13 K. The measure-
ments were performed at 35 GHz with the electric field
parallel to the plane. Similar experiments with the H
field in the plane were conducted in order to probe the
out-of-plane properties. Due to the high residual losses
in the perpendicular direction, the resolution and conse-
quently the scattering of these data are poor.

x—(BEDT-TTF)>Cu[N(CN),]Br

—
(=]
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Xs/Rn
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o
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T
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o
[\

o
)
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FIG. 6. The surface impedance 2s|| of
(BEDT-TTF);Cu[N(CN);]Br measured at a frequency of
35 GHz. The measurement was done in the antinode of the
electric field with E,. parallel to the ac planes.

(=)
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Assuming that the Hagen-Rubens condition wr « 1 is
fulfilled, we set Rg = Xg slightly above T, = 11.3 K
[Eq. (5)]- In both directions our results can be well
described by the BCS ground state using the parame-
ters 2A/kpT. = 5 and £ /(néo)) = 2.5 (as discussed
later). Since the superconducting transition is sharp
(AT. < 0.3 K), no smearing of the transition temper-
ature was done in the fit. As for (BEDT-TTF),;Cu
(NCS)2, we find a remarkable similarity in the overall
shape of Rs and X in both directions even though the
absolute value in the normal state o, (T = 13 K) is three
orders of magnitude different.

C. Penetration depth

From Eq. (7) we see that the surface reactance Xg
and therefore the measured frequency shift are directly
proportional to the microwave penetration depth. Three
configurations have been employed (Fig. 7). In one ar-
rangement the ac magnetic field is directed perpendicu-
lar to the highly conducting plane. Consequently in this
configuration the penetration depth in the highly con-
ducting planes ) is measured, since the eddy currents
are flowing in this plane. The same quantity is probed

FIG. 7. Various configurations for measuring the penetra-
tion depth: (a) The magnetic field Ha. induces eddy currents
in the planes and A is probed. (b) The same quantity is
measured with the electric field E,. parallel to the layers. (c)
With H, in the plane basically both A and AL are probed.
(d) Eac normal to the planes is sensitive to A .
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with the electric field in the plane. The relevant surface
S in both cases is the sum of the small sides around the
sample. In the third configuration, the ac magnetic field
is parallel to the highly conducting plane. In this config-
uration both the penetration depth along the layers A
and perpendicular to the layers A, will contribute to the
total frequency shift. Then the frequency shift due to the
specimen is given by

A

—f o< (SJ_)\“ +S”/\J_), (12)
fo

where S| is twice the area of the plane. Typically A, >

Aj and the contributions of the perpendicular orientation

dominate.

1. k-(BEDT-TTF),Cu(NCS),

The measured penetration depth of (BEDT-
TTF);Cu(NCS), in the two directions is displayed in
Fig. 8 in comparison with published results. Since the
evaluation of the sample geometry, and thus the res-
onator constant in Eq. (4), is difficult, the absolute value
was obtained more accurately by using the skin depth
8 = [2/(powo1)]*/? of the normal state which is related to
the surface reactance by Eq. (5): §y(T =9 K) = 4.4 ym
and 3.4 pm at f = 35 GHz and 60 GHz, respectively.
With the exception of Refs. 17 and 21, there is a good

2.0 T T T T 40
(BEDT—TTF)ZCu(NCS)g/ o
1.1
1.8+ 3 o 1
S | ---- A London limit 7 4
< — A:‘ local regime ’ él+++— 30
= fu —_
= | < OH o
% 1.6 ‘ol Gﬂ;f =
S . 0.0 T/Te / 0.5 F 120 i
E Lar 4+ - Xy / e
< ¢ Xsy <
4110
11
1.0

FIG. 8. Temperature dependence of the penetration depth
of (BEDT-TTF);Cu(NCS); measured at 35 GHz (pluses) and
60 GHz (open diamonds) in comparison with results from sur-
face impedance experiments of Achkir et al. (Ref. 21) (solid
line), and with uSR experiments of Harshman et al. (Ref. 16)
(solid boxes) and Le et al. (Ref. 17) (solid circles). The ex-
periments probe A, except for the open diamonds where A
corresponds to the right axis. The inset demonstrates the
agreement with the predictions of the BCS theory where the
dashed line represents the London regime and the solid line
the local regime.
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agreement between all the measurements. Even with the
extended temperature range down to 0.8 K and the in-
creased accuracy of 6A/A = % 0.007, no indication of a
temperature dependence can be found below 0.37.. The
absolute value of the zero temperature penetration depth
measured at 35 GHz A (T = 0) = 0.8 yum was found to be
in good agreement with the literature values of 0.78 ym
and 0.98 um as obtained by uSR.'%4” The analysis of our
60 GHz data in Fig. 4(a) leads to A\y(T = 0) = 1.4 pm.
The accordance with the uSR results also demonstrates
that misalignment effects do not play an important role.

For a finite mean free path £ = 150 A the mea-
sured penetration depth A exceeds the London penetra-
tion depth Ap:

AT = 0) = AL(T = 0) (1+ %)1/2. (13)

where £, = 70 A is the coherence length and Ay can be
estimated from the normal state parameters:
1/2

AL(T=0)=( m ) . (14)

,u.oezn

From this we obtain AL(T = 0) = 0.79 pm and conse-
quently A(T' = 0) = 0.95 pm, which agrees well with our
experimental data.

The similar temperature dependence was obtained
in the configuration with the H field parallel to the
¢ direction,'® and yields a low temperature value of
AL(T = 0) = 40 pm. Perpendicular to the plane, the
coherence length &, < s, where s = 15.2 A is the in-
terplane separation, and &, = 5 A is the coherence
length.*® Under such circumstances, the situation is close
to that of Josephson coupled layers, with the resulting
penetration depth

1/2

2
AL = [ﬁc ”L] ,. (15)

4m2A

where p, is the resistivity perpendicular to the planes.
Using p (T = 9 K)= 0.25 Qcm from our surface re-
sistance measurements and the weak coupling gap, this
leads to A; = 32 pm in excellent agreement with the
experimentally obtained values.

In the inset of Fig. 8, the measured results of the nor-
malized penetration depth A(T') are compared with theo-
retical predictions of the weak coupling BCS theory. The
solid line represents the local regime (A > &, > £); the
dashed line is the London limit (A > £ > &;). From our
penetration depth data we cannot distinguish between
clean (£ > &) and the dirty (o > £) limits.

2. k-(BEDT-TTF),Cu[N(CN);]Br

The penetration depth for (BEDT-TTF),
Cu[N(CN);|Br as a function of the reduced tempera-
ture T/T. is shown in Fig. 9. The measurement was
performed at 35 GHz with the E field oriented paral-
lel to the (ac) planes; therefore A (T') was probed. The
temperature dependence agrees with the results of re-
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FIG. 9. The penetration depth A} in (BEDT-
TTF)2Cu[N(CN):]Br as a function of temperature. The solid
circles show uSR data (Ref. 17) and the open boxes results
from measurements of the magnetization (Ref. 14). The
dashed line is the BCS weak coupling limit, the solid line rep-
resents the local regime, and the dotted line gives the results
of the two-fluid model which are close to the strong coupling
limit.

versible magnetization experiments'? and is in accor-
dance with calculations based on the BCS theory either
in ‘the local regime (dashed line) or the London limit
(solid line). The dotted line corresponds to the two-fluid
model Ar(T) = o[l — (T/T.)*]~*/? which is close to
strong coupling calculations. Lang et al.'* found that in
the temperature range below T, (T > 0.6T.) their pen-
etration depth data lie below the prediction of the weak
coupling BCS limit. They interpret this as an indica-
tion of moderate or strong coupling. Our data do not
contradict their conclusion.

Instead of estimating the surface area of our samples,
we used the skin depth at 13 K in order to normalize our
experimental data. From our 35 GHz surface resistance
measurements we get §; = 4.2 ym and 6, = 100 pm.
The resulting absolute value of the zero temperature pen-
etration depth Ay (T' = 0) = 1.5 pm is in fair accordance
with uSR (Ref. 17) and magnetization* results (0.84 pm
and 0.78 pum). Perpendicular to the plane we estimate
AL (T = 0) = 38 um from our surface reactance measure-
ments. We stayed well below thie upper limit of 220 ym
set by the ac susceptibility measurements of Takahashi
et al.®

D. Complex superconducting conductivity

By Eq. (2), both the surface resistance and surface
reactance depend on the parameters o; and o, which
determine the superconducting state. The complex con-
ductivity 6(T') in the superconducting state can therefore
be evaluated using the experimentally accessible Rs and
Xs as input parameters:

1. k-(BEDT-TTF);Cu(NCS),

In Fig. 10 the complex conductivity parallel and per-
pendicular to the planes of (BEDT-TTF),Cu(NCS), is
displayed as a function of temperature. For a BCS su-
perconductor in the dirty limit [i.e., £/(7€) < 1] the
equations for the temperature- and frequency-dependent
response of & were worked out by Mattis and Bardeen.4®
As pointed out before, this limit may not be appro-
priate for (BEDT-TTF);Cu(NCS), since the normal
state dc conductivity and optical relaxation time yield
a mean free path £, ~ 150 A at 10 K; the colerence

length is*® £y = 70 A. Consequently we went beyond
Mattis and Bardeen and performed calculations similar
to Chang and Scalapino,®® assuming a two-dimensional
BCS ground state. We restricted ourselves to the weak
coupling limit A = 1.76kgT. and fitted our results for

40f 8
60 GHz
23.0} ]
- T.=8.3K
Q C
& 2.0 — BCS(t/né4=1) l :
_‘é 0,=3.7x10% (2 cm)™!
g
o 1.0}
01/0',.

0'0 A1 L A 1

3.0} 92/n ]
o
£
- 20} T.=8.2K
>
5 — BCS (t/n¢,=2) l
§ 0,=4.0 (Qcm)™!
'g 1.0
o
(3]

0.0

Temperature (K)

FIG. 10. Temperature dependence of the normalized com-
ponents o, and o2 of the optical conductivity at 60 GHz both
(a) parallel and (b) perpendicular to the highly conducting
layers of (BEDT-TTF)2Cu(NCS).. The solid lines represent
the results of BCS theory with £/7€ = 1 and 2, respectively.



13 612

various values of the only remaining parameter £/(7¢o).

In Fig. 10(a) we display both components of the com-
plex conductivity o, and o, in the highly conducting (bc)
plane, normalized to the normal state value at T = 9 K.
The same parameters are plotted in Fig. 10(b) for the
direction perpendicular to the plane. The best fit to our
data at 60 GHz (Fig. 4) was obtained with ¢;/(7&o) = 1;
ie.,, wry = 0.18 at f = 60 GHz and the relaxation
rate 1/277; = 15 cm™! at 10 K. The solid line includes
the temperature dependence effects of the scattering rate
[r7(T) o T?]. For the 35 GHz measurement (Fig. 5),
we fit the data with £ /(7o) = 0.7; consequently the
relaxation rate 1/277 = 16 cm™'. These values for the
scattering rate are significantly smaller than 1000 cm™*
obtained from optical studies if the reflectivity dip in the
midinfrared is fitted. It is slightly below 50 cm~! which
was obtained by modeling the Drude peak in the far-
infrared,3” and it is somewhat larger than 2 cm ™! which
is the result of Shubnikov—de Haas measurements.? Some
of these differences may reflect a frequency-dependent
relaxation time and deviations from a simple Drude re-
sponse in the metallic state.

The values for the perpendicular direction are
£, /(7o) = 2 which yields £, = 30 A, using &, =5 A.
The Fermi velocity may be estimated from the definition
of the coherence length:

_ ﬁvp~

- 28 (17)

&o
We obtain vp = 4.4Xx10° cm/s in the plane (in agreement
with the value obtained above from the Fermi surface
area) and vp = 3.1 x 10° cm/s normal to the plane.

From the latter value the scattering rate is calculated to
be 1/(2r7) =5 cm™L

2. k-(BEDT-TTF),Cu[N(CN);]Br

Applying Eq. (16) to our 35 GHz results, we
calculated the complex conductivity of (BEDT-
TTF),Cu[N(CN);]Br (Fig. 11). By comparing the re-
sults with the predictions of a two-dimensional BCS
ground state®® we reached a fair agreement in the weak
coupling limit (2A/kgT. = 3.53) using ¢/7€ = 2
(dashed line). A much better fit (solid line) can be ob-
tained using a larger gap value of 2A/kgT. = 5 and
£/mo = 2.5. This is in accordance with results from dc
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FIG. 11. The normalized conductivity o, and o2 of

(BEDT-TTF),Cu[N(CN):z|Br at 35 GHz parallel to the highly
conducting layers plotted as function of the reduced temper-
ature T/T.. The dashed lines represent the results of BCS
theory with a gap 2A = 3.53kp7T., while a larger single par-
ticle gap 2A = 5kp7T. was assumed for calculating the solid
lines.

magnetization experiments'? which indicated strong or
medium coupling effects in (BEDT-TTF),Cu[N(CN),]-
Br.

Using the literature value®! of the coherence length
obtained from upper critical field studies £o = 37 A we
calculate £; = 290 A in the parallel direction and conse-
quently 1/(277) = 30 cm™'. The fact that no deviation
from the Hagen-Rubens limit was observed is in agree-
ment with w7 = 0.04 < 1. The out-of-plane results can
be fit by £/(m€o.) = 4, from which we obtain £, = 50 A
with &, = 4 A.5! Calculating the Fermi velocity from
Eq. (17), vr = 4.7 x 10° cm/s, and we find 1/(277.) =5
cm™1.

In Table I we collect the results obtained from our mi-
crowave surface impedance measurements on k-(BEDT-
TTF),Cu(NCS); at 60 GHz together with the 35 GHz re-
sults on k-(BEDT-TTF),Cu[N(CN);]|Br. Also included
are parameters from Refs. 48 and 51 on the coherence
length.

TABLE 1. Electrodynamical properties of (BEDT-TTF),Cu(NCS)2 measured at 60 GHz, and
(BEDT-TTF);Cu[N(CN);|Br measured at 35 GHz with the current flowing either parallel or per-

penduclar to the highly conducting plane.

k-(BEDT-TTF):X | T. on(T=300K) on(T>T.) & A L €& 1/@2mT)  2A
X = K] [(Q@cm)™']  [(Qecm)”'] [pm] [pm] [A] [A] [em™'] [em”']

Cu(NCS). || 83 20 3.7x10° 34 14 150 70 15 21

1] 82 2.0 x107° 4.0 100 40 30 5 5 21

Cu[N(CN)z]Br | | 11.3 23 4.0 x10° 42 1.5 290 37 30 40

1| 113 0.5 6.4 110 38 50 6 5 40
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IV. DISCUSSION

The resistivity of xk-(BEDT-TTF),Cu(NCS); in the
millimeter wave frequency range is very similar in abso-
lute value and temperature dependence to the one for di-
rect current. Only slightly above T, are small deviations
from the Hagen-Rubens condition seen. From our analy-
sis of the 60 GHz data we estimate 1/(277)) = 15 cm™!
parallel to the (bc) planes. On the one hand the value has
to be compared with the relaxation rate 1000 cm—! re-
sulting from the fit of the midinfrared optical reflectivity
and 50 cm™! if just the far-infrared Drude contribution is
taken into account.3” On the other hand, Shubnikov-de
Haas experiments? lead to a value of 1/(277) = 2 cm™.

From our surface impedance
k-(BEDT-TTF);Cu[N(CN),]Br at a frequency of 35 GHz
we find a scattering rate 1/(2r7) = 30 cm™!. This is
in good agreement with the width of the Drude peak
[(20 £5) cm™?] determined from the low frequency opti-
cal conductivity.*® Since the midinfrared reflectivity is
similar in both (BEDT-TTF),Cu(NCS), and (BEDT-
-TTF);Cu[N(CN);|Br, a Drude fit of the entire infrared
spectrum also leads to a relaxation rate of ~ 1000 cm™?.
We feel that the small differences in parameters extracted
from the studies of both compounds do not reflect differ-
ent intrinsic properties but are due to the quality of the
samples. The main features of the normal state elec-
trodynamics are identical: a fairly good conductor with
a semiconductor like resistivity above 100 K and a T'2-
temperature dependence below. The scattering rate is
about 20 cm~! when probed with microwaves, but seems
to depend on the measurement frequency. From this we
infer that the simple Drude model does not apply.

The temperature dependence of the penetration depth
is a direct indication of the pairing mechanism. Since
A(T) is governed by the quasiparticle excitation spec-
trum, zeros of the order parameter should result in an
anisotropical and power-law T dependence of A(T' — 0)
due to the enhanced pair-breaking excitations at low tem-
peratures. While triplet pairing results in a linear tem-
perature dependence,®? s-wave pairing leads to a flat be-
havior with dA(T)/dT |r_0= 0. It is clear from inset
of Fig. 8 that in both directions A(T') is well described
by assuming a singlet ground state. The resolution of
our measurement does not allow us to distinguish be-
tween different coupling limits as Lang et al.'* were able
to do in their magnetization studies. They conclude
(BEDT-TTF),Cu(NCS), is in the weak coupling limit
while (BEDT-TTF);Cu[N(CN),]|Br seems to be medium
coupling, but for both compounds perfect agreement with
s-wave pairing was found. Based on the uSR data of
Le et al.,!™ Achkir et al.?! extrapolated the penetration
depth linearly to low temperatures although their surface
reactance data leave room for a conventional interpreta-
tion in accordance with our results. The deviating re-
sults may be due to an extrinsic defect-mediated screen-
ing mechanism which gives rise to an enhanced penetra-
tion depth. The experimentally determined®® tempera-
ture dependence A(T')/A(0) = (1 —¢2)~! =~ 1 + ¢2 of this
vortex-pair nucleation at defects can easily be mistaken
for evidence of nonconventional pairing.

measurements of
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It is obvious from Figs. 10 and 11 that the normal-
ized behavior of the electrodynamical response is highly
similar in both orientations, parallel to the highly con-
ducting plane as well as perpendicular to it, despite the
fact that the normal state values differ by several orders
of magnitude between the two configurations. The simi-
larity between the different crystallographic orientations
suggests isotropic pairing. Both of our results are in full
agreement with a BCS ground state.

In the dirty limit (£, > ¢) the imaginary part of the
conductivity o3 is related to the superconducting energy

gap:*°
oz(w,T)  7A(T) AT)] ... TA(T =0)
T [2k3T]~zl‘lglo o
(18)

In the clean limit, however, 3 /0, tends to the ratio 1/wr
at low temperatures, and so in our case we cannot extract
A from the zero temperature value of o,, though we can
check the consistency as far as the crossover from the
Hagen-Rubens regime (w7 < 1) to the relaxation regime
(wr > 1) is concerned. The comparison of mean free
path and coherence length indicates that both organic
superconductors (BEDT-TTF);Cu(NCS), and (BEDT-
TTF);Cu[N(CN)2|Br are right at the boundary between
the dirty and clean regimes, slightly on the latter side.
This may explain the null result in the search for the
single particle gap by optical absorption methods.*3

The dominant feature of the o; curve is the peak be-
low the superconducting transition temperature (Figs. 10
and 11), which finds a natural explanation in the BCS
model: The broad maximum reflects the case-II coher-
ence factor.3¢ The coherence peak is caused by the diver-
gency of the excitation density of states at the gap edge
plus the coherence factor. The photon energy smooths
out this singularity and is responsible for the reduced
height of the peak feature for this relatively small 7, com-
pound (the size of the peak goes as In gﬁ%) At 60 GHz the
photon energy becomes comparable to the single parti-
cle gap A, and the peak is almost smeared out. The
experiments on (BEDT-TTF),Cu(NCS), performed at
35 GHz exhibit a peak value of 0/0, ~ 1.35, again in
excellent agreement with the BCS theory.23 Since we ob-
serve the same temperature dependence for o(7) both
parallel and perpendicular to the planes, we deduce that
the divergency in the optical response of the system is
identical at various orientations. We conclude that the
ratio A/hw is a fundamental constant of the supercon-
ducting phase and thus the gap is isotropic for all three
crystallographic axes. Even if we do not measure the
single particle gap A directly, we are able to fit the re-
sults in both directions with the same value. For k-
(BEDT-TTF),Cu(NCS), we find 2A = 3.53kgT. =
20 cm™!, while a larger gap is obtained in x-(BEDT-
-TTF)2Cu[N(CN);|Br: 2A = 5kgT. = 40 cm™!. In-
dications of this difference were seen in magnetiza-
tion measurements.!* Results of the specific heat stud-
ies imply that both compounds are strong coupling
superconductors. 5455

It is expected that the singularity in the density of
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states is removed for d-wave pairing leading to a sharp
decrease of the optical conductivity. Consequently higher
momentum pairing leads to the rapid disappearance of
the coherence peak and is expected to give o; values sig-
nificantly below the solid line in Figs. 10 and 11. As
a consequence, for d-wave pairing the gap should have
vanished along the direction normal to the plane.

Recent microwave experiments at 17 GHz by Achkir et
al.?! basically produce similar results for 0. The inter-
pretation, however, is contrary, since the authors oppose
the application of the BCS theory and apply an inelas-
tic scattering term 1/7ipe, with 1/7 = 1/79 + 1/Tipe, in
order to explain the observed peak. From this point of
view, the maximum of o, (T') is the result of the increas-
ing inelastic scattering time 7, and, using the two-fluid
picture, the disappearance of normal carriers (deduced
from the decreasing penetration depth A) as the temper-
ature decreases. We have recently demonstrated®® that
the electrodynamics of a superconductor cannot be sim-
ply written as the sum of the condensed and uncondensed
electrons. Applying the same analysis on a conventional
superconductor leads to an unexpected rapid decrease of
1/7 below T.. The low temperature resistance of the nor-
mal state, measured in a large magnetic field of 10 T 2!
gives no indication of a rapid change in the scattering
rate. We feel that our results as well as the results of
Achkir et al. can be explained within BCS theory, by as-
suming a smearing of the transition and deviation from
the Hagen-Rubens limit wr < 1.

M. DRESSEL et al. 50

V. CONCLUSION

In the temperature region above T, (but T <
100 K) both materials behave like metals with a scat-
tering rate of approximately 20 cm™!. The penetra-
tion depth A(T) of the two organic superconductors
£-(BEDT-TTF),Cu(NCS), and k-(BEDT-
TTF)2Cu[N(CN);]|Br shows a flat behavior for low tem-
peratures. This limp_,o dA(T)/dT = 0 is in agreement
with the BCS prediction and conventional s-wave pair-
ing. The similar temperature dependence of &/, in
both directions parallel to the planes and perpendicu-
lar to the planes indicates isotropic pairing. The co-
herence peak in o, below T, rules out a superconduct-
ing ground state which is significantly different from sin-
glet pairing. We conclude that our surface impedance
measurements on both k-(BEDT-TTF),Cu(NCS), and
k-(BEDT-TTF),Cu[N(CN).|Br can be described in all
respects by BCS theory.
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