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We have performed measurements of the microwave surface impedance Zs = Rgs + iXs of
the organic superconductor x-(BEDT-TTF);Cu(NCS); down to T' = 0.8 K. The reactance Xs,
and therefore the penetration depth A, exhibits no temperature dependence for 7' <« T.. This
result is in full agreement with calculations of the BCS ground state and gives no indication of
unconventional pairing. Furthermore, we have evaluated the complex conductivity & = o1 +i02 and
find a pronounced peak in o7 below T. which can be identified as a coherence peak.

The k phase of the two-dimensional organic conduc-
tor Di-(bisethylenedithio-tetrathiafulvalene)dithiocyano-
cuprate [i.e., (BEDT-TTF),Cu(NCS)z] is the most
prominent representative of the more than twenty super-
conducting salts of the BEDT-TTF family.! Even five
years after its discovery,? the question of whether the
superconducting state is of the conventional BCS type
remains controversial. Various experiments examining
the superconducting state of the BEDT-TTF materials
indicate deviations from what is expected for singlet pair-
ing. The critical field shows an unexpected behavior at
low temperatures® and the 'H nuclear spin-lattice relax-
ation rate was found* to have an anomalous temperature
dependence. Some measurements of the specific heat ex-
hibit a strange T law,> but others® find the specific heat
in agreement with the BCS predictions. These experi-
ments have been interpreted in terms of triplet pairing,
spin density wave transitions below T¢, and vortex glass
transitions as expected for a ground state with higher
momentum pairing. While both NMR and specific heat
measurements are sensitive also to quasiparticle excita-
tions, the parameters which characterize the electrody-
namics, the penetration depth A, and surface resistance
Rg, are free from such complications. Consequently, the
magnitude and temperature dependence of these param-
eters may, in principle, distinguish between the various
possible symmetries of superconducting states. Low fre-
quency magnetization measurements’ with H,. paral-
lel to the layers led to an unusually large penetration
depth along the (bc) plane, and a T2 dependence sug-
gesting higher momentum pairing. Studies of the re-
versible magnatization,® however, show evidence of con-
ventional Cooper pairing. From the scaling behavior of
the radio-frequency penetration depth, Sridhar et al.® re-
cently argued for a nonconventional Meissner state where
the penetration depth cannot be defined in the common
way. Direct experiments of the penetration depth em-
ploying muon spin rotation (pSR) techniques are also
highly controversial, one'® suggests s-wave pairing, the
other!! shows important deviations from the BCS behav-
ior below 1.5 K. A similar situation has arisen for mea-
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surements of the microwave surface impedance. The sur-
face reactance Xg, which is proportional to A, was found
to be temperature independent for T' < T, in both con-
figurations parallel and perpendicular to the layers.}2 14
Recently, however, microwave surface impedance exper-
iments were reported,!® which show a slight tempera-
ture dependence of the penetration depth down to
0.27.. In order to clarify the situation we have per-
formed studies of the microwave surface impedance of
k-(BEDT-TTF),Cu(NCS), at 35 GHz down to temper-
atures as low as 0.8 K. Besides the temperature depen-
dence of the penetration depth, we have evaluated the
real and imaginary parts of the conductivity in the su-
perconducting state.

The x-(BEDT-TTF),Cu(NCS), has been prepared by
the standard electrochemical crystal growth procedure.?
ac susceptibility measurements on crystals of the same
batch as that used for the microwave experiments show
a superconducting transition at 7. = 8.6 K (i.e., 10%
change in the ac-susceptibility signal) with a width of
approximately 1 K. The surface resistance Rs and the
surface reactance X s were measured as functions of tem-
perature. For this purpose, we employed a cylindrical
35 GHz copper cavity which could be cooled down to
3He temperatures.!® The specimen was placed in the
maximum of the magnetic field with H L (bc) plane
so that the eddy currents would run within the highly
conducting planes. By measuring the frequency and the
quality factor of the empty and loaded cavity we were
able to evaluate both components of the complex sur-
face impedance.!” In terms of the complex conductivity
0 = o1 + i0g, the surface impedance Zs normalized to
its free space value is defined as

. 1/2
Zs = Rs +iXs = (ﬂ_“’_) , 1)
g1 — 102

In the normal state, at frequencies wr < 1, o1 > o3,
and consequently

fow 1/2
RS=X5=( ° ) , (2)

2Udc
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FIG. 1. Temperature dependence of the surface / ¢

resistance Rs and the surface reactance Xs for k-(BEDT-
TTF)2-Cu(NCS)2 along the (bc) plane. The inset shows the
dc resistivity and 2R%/pow; all quantities are normalized to
their T = 12 K resistivity value.

i.e., the surface resistance is equal to the surface reac-
tance in the so-called Hagen Rubens limit, and o (v <
1/7) = 04c. At low frequencies, the resistivity is therefore
given by p(T) = 2R%/pow. In the inset of Fig. 1 we dis-
play the resistivity along the (bc) plane evaluated in this
way from microwave measurements at 35 GHz together
with pg4c; the data are normalized and o4.(T = 12 K) =
3.8 x 10 (2 cm)~!. The temperature dependences of
Rgs and Xg are displayed in Fig. 1. We calibrated the
surface resistance by the normal state surface resistance
R, = (/_Low/2a'dc)1/2.

Previous millimeter wave experiments!® indicate that
at 60 GHz, the assumptions of Eq. (2) may not be sat-
isfied, in particular 1/7 may become comparable to w.
In agreement with optical reflectance measurements,'®
the scattering rate 1/2n7T seems to be frequency depen-
dent and varies from 1000 cm™! in the midinfrared, to
over 50 cm™! in the far infrared, to about 20 cm™! at
60 GHz. From Shubnikov-de Haas measurements, a
value of 1/2n7 = 2 cm™! has been obtained.!® As shown
below, we can fit our experimental data at 35 GHz best
with a scattering rate of 1/2n7 = 16 cm ™!, i.e., wT = 0.1.
Due to the proximity of the measurement frequency of
1 cm™! to the scattering rate, Xs is about 10% above
the Rgs value just above T,.

In the superconducting state, well below T, the surface
reactance is given by

Xs(T) = powA(T), 3)

where X g(T'), which is proportional to the measured fre-
quency shift, is proportional to the penetration depth
A and therefore can be directly compared with various
models of the superconducting state. Since we oriented
the sample’s (bc) plane normal to the microwave mag-
netic field, we probed the penetration depth within the
highly conducting planes. The relevant surface is the
sum of the small sides around the sample, i.e., parallel

FIG. 2. Temperature dependence of the penetration depth
of (BEDT-TTF)2Cu(NCS): in the superconducting state (7.
= 8.6 K) in comparison with previous millimeter wave results
of Holczer et al. (Ref. 12) and Achkir et al. (Ref. 15), and
uSR experiments of Harshman et al. (Ref. 10) and Le et al.
(Ref. 11). The experiments probe )|, except for the data of
Ref. 12 where A1 /40 is shown.

to the a axis. Since the evaluation of the resonator con-
stant and sample geometry is difficult, the absolute value
was obtained by using the skin depth § = (2/powa)'/?
of the normal state which is related to the surface reac-
tance: Xg = powd/2. The measured penetration depth
of (BEDT-TTF),Cu(NCS); is displayed in Fig. 2 in com-
parison with published results. The absolute value of the
zero temperature penetration depth was found in agree-
ment with the literature value of A\¢ = 0.8 pm as ob-
tained by uSR (Refs. 10 and 11) and surface impedance
measurements.'® The earlier experiments of Holczer et
al.'? probed the penetration depth normal to the planes;
in this case A} /40 is plotted in order to compare it with
the in-plane results. With the exception of Refs. 11 and
15, there is a good agreement between all the measure-
ments. Even with the extended temperature range down
to 0.8 K and the increased precision of §\/A = + 0.007,
no conclusive indication of a temperature dependence of
the penetration depth can be found below 0.37.. The
theoretical predictions?® are plotted in Fig. 3 where the
dotted line is the London limit, the full line is the two
fluid expression Ap(T) = Ao[l — (T/T.)*]~Y/? [close to
A(T) as would be observed for strong coupling], and the
dashed line represents the local regime. The experimen-
tal data are well described by assuming a singlet ground
state. While triplet pairing results in a linear tempera-
ture dependence, s-wave pairing leads to a flat behavior
with limp_,odA(T)/dT = 0.

The complex conductivity §(w) in the superconducting
state can be evaluated from Eq. (1) using the experimen-
tally accessible Rs and X s as input parameters:

_ uow(X§ - R.zs)

2uowRs Xs
o1 = and 0 = — 22— 2~ (4)
(R% + X3)?

- (R% + X2)?

In order to normalize the conductivity to the normal



RAPID COMMUNICATIONS

9908 M. DRESSEL et al. 48
1.20 ; ’ i ‘
(BEDT-TTF)2Cu(NCS)z 6 I (BEDT—TTF)2Cu(CNS)z
1.15 Te =8.6K : s T.=8.6K
B - AL London limit ey f = 35 GHz
S110) A1local regime S 5¢ |
E : —— Attwo fluid model -~ "
<1.05] 4t
=
b
1.00 - ~N 3
- : b
FIG. 3. The penetration depth in (BEDT- 2
TTF)2;Cu(NCS)2 as a function of temperature compared
with theoretical predictions. The dotted line is the BCS 1f o1/
weak-coupling limit, the dashed line represents the local » _
regime, and the full line is the two fluid model. In agreement 0 I i
1.0 1.2

with the calculations there is no appreciable temperature de-
pendence below 0.37..

state value, we assume a temperature dependent scat-
tering rate yielded by a quadratic fit of the normal state
resistivity above T., and extrapolate this behavior be-
low the transition. The resulting o, has a tempera-
ture dependence not far from the result obtained by
microwave measurement!® of the normal state down to
1.8 K in the presence of a magnetic field well above
H_,. In Fig. 4 we display both components of the com-
plex conductivity o1(T) and o2(T) in the highly con-
ducting (bc) plane, normalized to the normal state value
at T = 12 K. For a BCS superconductor in the dirty
limit (i.e., /7€y < 1), the equations worked out
by Mattis and Bardeen?! give the electrodynamic
response. This limit may not be appropriate for
(BEDT-TTF),Cu(NCS),, since the mean free path £ =
150 A, and the coherence length £, = 70 A.22 The null re-
sult in the search for the superconducting gap 2A, which
is expected at approximately 25 cm™! but does not show
up in optical measurements,?® points in the same direc-
tion. We have calculated Rs and Xg, or o; and o3,
for various values of £/7€q, assuming a two-dimensional
BCS ground state, with a single particle gap given by
the weak-coupling limit 2A(T = O0K) = 3.5kpT. =
21 cm™!. Since the accuracy of the measured frequency
shift (i.e., determining Xs and strongly related to o)
exceeds the precision of the amplitude change in our
measurement, we gave priority to the fit of the o, data
(Fig. 4). This leads to a value of £/7€ = 0.7, and with
vp = 4.7 x 10% cm/s, consequently to 1/277 = 16 cm™!
for the scattering rate or wr = 0.07. In order to describe
the smooth onset of the superconducting transition we
employed a Gaussian distribution of T, with a standard
deviation of 0.25 K. In the dirty limit the imaginary part
of the conductivity o5 is related to the superconducting
energy gap.2° However, 02/0, tends to the ratio 1/wt in
the clean limit at low temperatures, and therefore we can
extract very little information from o.

The dominant feature of the o, curve is the peak be-
low the superconducting transition temperature (Fig. 4),
which can be explained by the BCS model: a broad max-
imum is expected as a manifestation of the case-II coher-
ence factor.2? The size of the coherence peak depends on

0.0 0.2 0.4 0.6 0.8
T/Tc

FIG. 4. Temperature dependence of the normalized com-
ponents o1 and o2 of the optical conductivity of x-(BEDT-
TTF),Cu(NCS), at 35 GHz. The solid lines represent the
results of the BCS theory with £/7§, = 0.7.

the coherence factor in addition to the divergency of the
excitation density of states at the gap edge. The max-
imum is broadened by a distribution of the transition
temperature T.. Its height depends on scattering effects
and on the coupling. The peak is enhanced compared to
previous 60 GHz experiments,'31% where it was almost
smeared out because the photon energy was comparable
to the single particle gap A (the size of the peak goes
as In 2”—2) In our calculations we restricted ourselves to
the weak-coupling limit, i.e., A(T=0 K)/kgT. = 1.76,
but note that the analysis of the strong-coupling limit2*
would improve the fit of both o; and o, as discussed for
Pb.2> We note that higher-momentum pairing leads to
the rapid disappearance of the coherence peak and is ex-
pected to give oy values significantly below the solid line
in Fig. 4. A similar temperature dependence for o1(T)
was observed in both orientations normal and parallel
to the planes,'* which indicates that the divergency in
the optical response of the system is identical at various
orientations.

Recent microwave experiments at 17 GHz by
Achkir et al.'® produce similar results for o;. Their
interpretation, however, is contrary, since the authors
oppose the application of the BCS theory to
(BEDT-TTF)2Cu(NCS), and apply an inelastic scatter-
ing term 1/7Tipe, with 1/7 = 1/79 + 1/Tine, in order to
explain the observed peak. From this point of view, the
maximum of o1 (T') is the result of the increasing inelastic
scattering time 7i,. and the decreasing penetration depth
A as the temperature decreases. The low-temperature
resistance of the normal state, measured in a large mag-
netic field of 10 Tesla,'® lends no support to this assump-
tion. In fact, our results as well as Achkir’s may be ex-
plained within the BCS theory, by assuming a smearing
of the transition, deviation from the Hagen-Rubens limit
wT < 1, and incorporation of strong-coupling effects.?*

We conclude that the temperature dependence of
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01(T), as shown in Fig. 4, does not conclusively contra-
dict the BCS predictions, while the temperature depen-
dence of the penetration depth A(T) strongly supports
the assertion that the pairing is s wave in x-(BEDT-
TTF),Cu(NCS),. Further studies of the conductivity
peak in high quality samples have to be conducted over
a wide range of frequencies in order to investigate the
influence of scattering effects.
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