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FREQUENCY DEPENDENT CONDUCTIVITY 
IN ORGANIC SUPERCONDUCTORS 

MARTIN DRESSEL' and GEORGE GRUNER 
Department of Physics, University of California, Los Angeles, CA 90095, U.S.A. 

Abstract Optical studies, in a wide sense, are one of the most powerful tech- 
niques for studying the electronic properties of solids. We discuss investigations 
of the electrodynamic response in the two-dimensional organic conductors of 
the BEDT-TTF family, which become superconducting a t  around 10 K. In the 
normal state, the frequency dependent conductivity is that of a weakly corre- 
lated metal with significant deviations from a simple Drude metal. The electro- 
dynamical properties of the superconducting state are those of an anisotropic, 
but conventional BCS superconductor. 

INTRODUCTION 
Since the early and most important studies of (TMTSF)2X by Jacobsen et al. [I], it 
is generally acknowledged that optical experiments give valuable information on the 
electronic properties of organic conductors and superconductors. In the case of the 
organic superconductor (BEDT-TTF)&u(NCS)2 and its sister compounds, the ex- 
perimental results in the optical range of the spectrum [Z, 3, 41 and in the microwave 
range [5, 6, 7, 81 are well established. Combining the findings obtained by different 
techniques, i t  is possible to reconsider the complete electrodynamic response. We 
discuss the optical properties of the BEDT-TTF salts in the normal state as well as 
in the superconducting ground sate. 

NORMAL STATE PROPERTIES 
The K-phase of (BEDT-TTF)zCu(NCS)2 is among the most prominent of many 
charge transfer salts 191. The BEDT-TTF molecules form conducting sheets in the 
(bc)-plane separated by polymeric anions Cu(NCS);. For (BEDT-TTF)&u(NCS)2, 
the room temperature conductivity of the highly conducting (bc)-plane is about 
20 (Rcm)-' with an in-plane anisotropy uc/ub of approximately 2 and an out-of- 
plane ratio uc/ua larger than 5000 [lo, 111. Hence the (BEDT-TTF)2X compounds 
are called two-dimensional conductors. 

We have conducted experiments on the low frequency (Aw < A) electrodynam- 
ical response in the normal and superconducting state of (BEDT-TTF)&u(NCS)2, 
by measuring the surface impedance 8, a t  microwave and millimeter wave frequen- 
cies (35 GHz up to 100 GHz, i.e. 1 cm-' to 3 cm-') down to T = 0.8 K. We employed 
cylindrical TEol1 cavities in transmission configuration and measure the cavity pa- 
rameters (resonance frequency and bandwidth) as a function of temperature. From 
both quantities the complex surface impedance i s ( T )  can be evaluated [12, 13, 141. 

'present address: Institut fur Festkorperphysik, Technische Hochschule Darrnstadt, Hochschul- 
str. 6, D-64289 Darmstadt, Germany; internet: di7oQhrzpub.th-darrnstadt.de 
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108 M. DRESSEL AND G.  GRUNER 

FIGURE 1: The temperature dependence of the in-plane resistivity of (BEDT- 
TTF)2Cu(NCS)2 measured a t  different frequencies. R i l p o w  is shown for the mi- 
crowave and millimeter wave data. The curves are normalized to their 15 K-value. 
The inset displays a typical magnitization curve of IE-(BEDT-TTF)~CU(NCS)~ ob- 
tained by ac susceptibility measurements. The superconducting transition tempera- 
ture T, = 8.6 K is defined by a 10% change of the signal. , 

The surface impedance is defined as 

Eo zs = - so“ jdx ’ 
where Eo is the electric field at  the surface, j is the ac current induced in the 
sample and the x direction is normal to the surface. 2s is, in terms of the complex 
conductivity 6 = u1 + iu2, given by 

where Rs and X S  are the surface resistance and surface reactance, respectively. In 
the normal state, at frequencies w r  < 1, the conductivity u1 << o2 and 

R S = X s = ( G )  pow I 

(3) 

i.e., the surface resistance is equal to the surface reactance in the so-called Hagen 
Rubens limit, and u I ( w  << 27117) M u&. Consequently, at  low frequencies the 
resistivity is given by 

A T )  = 2R:lpow. (4) 
In Fig. 1 we display dc resistivity of (BEDT-TTF)~CU(NCS)~ as a function of 

temperature together with the high frequency resisitvity evaluated from microwave 
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FIGURE 2: The temperature dependence of the resistivity p(T) - po of (BEDT- 
-TTF)zCu(NCS)z plotted in a double logarithmic way. The inset shows p ( T )  on 
linear axes. The solid line represents the data taken by Achkir et a t .  [IS/ in the 
presence of a 9 Tesla magnetic field. 

surface impedance measurements at  35 GHz, 60 GHz and 100 GHz [8] by using 
Eq. (4).  The data are normalized at  low temperatures with a k ( T  = 15 K) = 3.8 x 
lo3 (Ocm)-'. The superconducting transition is as high as 10.4 K for the resistivity 
midpoint and T, x 8.6 K from ac-susceptibility measurements with a transition of 
more than 1 K wide as can seen in the inset Fig. 1. The temperature dependence goes 
through a broad maximum a t  around 100 K which is not entirely understood yet. 
p(T) drops sharply at  lower temperatures indicating a metallic behavior. The same 
overall T-dependence is observed at  all frequencies up to 100 GHz confirming the 
Hagen-Rubens assumption. Perpendicular to the highly conducting (bc)-plane, the 
conductivity is smaller by a factor of 1000 and a t  T = 12 K it reaches the absolute 
value of a l (T  = 15 K)  = 4 (Ocm)-'. The temperature dependence, however, was 
found to be similar (81. 

In the range below 30 K the resistivity shows a parabolic form which even 
extends for T < 10 K if the superconducting phase is supressed by an external 
magnetic field H >> H a  [15]. The inset of Fig. 2 displays the low temperature part 
of the p(T) obtained a t  different frequencies; the 17 GHz data were measured by 
Achkir et al. [15] under a magnetic field of 9 Tesla. In Fig. 2 the resistivity p(T) is 
plotted as a function of temperature in a double logarithmic way after substracting 
the residual resistivity po M 150 pOcm caused by impurity scattering. If phonon 
scattering is dominant, a T5 behavior is expected a t  low temperatures; electron- 
electron scattering on the other hand leads to a T2 behavior. As seen from Fig. 2, 
in a reasonably wide temperature range from 1.5 K up to 35 K,  p(T)  - po observes 
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110 M. DRESSEL AND G.  GRUNER 
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FIGURE 3: The optical conductivity CJ(W) of ( B E D T - T T F ) ~ C U ( N C S ) ~  for @ 11 b 
and ,!? 1 1  c as evaluated from reflectivity measurements at T = 12 K by KK analysis 
(after Kornelsen et al. [2]). 

a power law close to T2: 
p(T) = po + AT2 (5) 

with A x 8 x Rcm/K2. This behavior is typical for an interacting electron 
gas, described by the Landau theory of a Fermi liquid [l6, 17, 181. The prefactor 
A increases with increasing electron-electron interaction. The relation A 0: y2, with 
y the Sommerfeld coefficient obtained from specific heat, was confirmed for a large 
number of materials. While most narrow-band systems, like the heavy fermions but 
also Rb3C60, fall on a line with A / r 2  = [19], (BEDT-TTF)&u(NCS)2 has a 
much larger ratio of about which may infer that the resistivity is dominated 
by phonons. 

Extensive investigations of the optical properties of K-( BEDT-TTF)~CU(NCS)~ 
single crystals have been conducted by John Eldridge's group [2, 3, 41. The reflectiv- 
ity in both directions of the conducting plane was measured at  various temperatures 
in the frequency range from 200 cm-' to 8000 cm-'. As a result of the KK anal- 
ysis the optical conductivity ~71(w) in the normal state (T = 12 K) is displayed in 
Fig. 3. As expected from the roughly isotropic dc conductivity in the (bc)-plane, the 
overall optical properties are the same in both directions. Neither the high nor the 
low-temperature results follow a simple Drude behavior given by 

CJdc w2 1 
6 ( w )  = CTl(W) + i 4 w )  = - = 2 

1 - iwr 47T l l r  - i w '  

where the plasma frequency is defined as 
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FREQUENCY DEPENDENT CONDUCTIVmY I l l  

with n the number of free charge carriers and mb the band mass. The overall con- 
ductivity spectrum can be interpreted as a combination of a FIR contribution from 
intraband transitions (narrow peak at  w = 0) and a MIR interband contribution (seen 
as a broad maximum around 2000 cm-' to 4000 cm-'). Ascribing only the narrow 
FIR peak (wp FZ 2600 cm-', 1 / r  x 40 cm-') to the quasi-free carriers, however, leads 
to an effective mass mb x 15me (where me is the free electron mass) which appears 
unreasonably large. A fit of the MIR range describes the T = 12 K reflectivity data 
sufficiently at frequencies above 3500 cm-' (but ignores the FIR peak) and leads to 
wp = 8730 cm-', 1 / r  = 1260 cm-' and E, = 3.37 in the b-direction, and to wp = 

8520 cm-', 1 / ~  = 1195 cm-' and E, = 4.13 for l? 11 c. From sum-rule arguments 
1201 

(8) 

one can be estimate wp= 7000cm-' and 7500 cm-' for ,?? 11 b and E' 11 c, respectively 
[2 ] .  Assuming a carrier density n = 1.23 x lo2' cmP3 resulting from one charge per 
two BEDT-TTF molecules, the effective mass can than be calculated to mb = 2.4me, 
which is in good agreement with the estimations from Shubnikov-de Haas and de 
Haas-van Alphen experiments [21, 221. 

The Drude model which leads to Eq. (6 )  assumes a frequency independent 
scattering process and effective mass. In particular at low temperatures, this may 
not be adequate. Another method of analyzing the data is to consider free carriers 
which are scattered with a frequency dependent damping l / r ( w )  so that the complex 
conductivity may be written as 

Wp2/47r 
3 ( w )  = 

1 / r ( w )  - iwm*(w) /m, '  (9 )  

which is known as the generalized Drude formula. The relationship between (TI ( w )  , 
C J ~ ( W )  and l / T ( w )  together with m * ( w ) / m ,  is then obtained as follows 

and 

When w << 1 / r  and w + 0, u1 becomes constant and u2 tends to zero, but 1 / r ( w ,  T )  
and m*(w,  T ) / m ,  assume a constant value. In Fig. 4 the frequency dependence of 
the scattering rate l / ~ ( w )  is plotted for (BEDT-TTF)&u(NCS)2 at about 12 K. In 
addition to the optical results [2 ] ,  the estimations from microwave and millimeter 
wave cavity perturbation measurements (81 a t  35 GHz and 60 GHz (cf. Tab. I) are 
shown, as well as result from Shubnikov-de Haas experiments [ Z l ]  ( 1 / r  = 2 cm-') 
a t  the left end of the frequency scale. A strong frequency dependence of 1 / r  is 
found, which does not simply follow a power law. For w > 100 cm-', 1 / r  o< w2 is 
approached; for lower frequencies, however, the scattering rate increases slower than 
linear with frequency. 
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FIGURE 4: Fkequency dependent scattering rate 1 / ~  as obtained by a generalized 
Drude analysis of the optical data (taken from Kornelsen et al. [2]). Also shown are 
the results of Shubnikov-de Haas measurements 1211 and the experiments performed 
in microwave cavities a t  35 GHz and 60 GHz. 

According to Landau's theory of a Fermi liquid, we would expect that [ 17, 23,  
241 

( 1 2 )  
1 

0: [(271kgT)' + (hW)*] , 
T(T, W )  

i.e. the frequency dependence of the scattering rate follows the T2-dependence of the 
resistivity since p 0: 1 / ~ .  The proportionality factor depends on the renormalized 
bandwidth and the electron-electron scattering cross-section 123, 241. It should be 
pointed out, however, that the w2-dependence is only predicted if hw > k B T ,  which 
is not the case for the microwave measurements on (BEDT-TTF)&u(NCS)2. Fur- 
ther experiments a t  lower temperatures have to be carried out in the presence of a 
magnetic field H > H d  in order to supress superconductivity. 

SUPERCONDUCTING PROPERTIES 
ttE-(BEDT-TTF)2Cu(NCS)2 undergoes a superconducting transition at about 10 K. 
Although the superconducting gap calculated by the standard BCS formula of the 
weak coupling limit 2 A  = 3 . 5 3 k ~ T ,  is expected at approximately 20 to 25 cm-', 
no indications of an energy gap could been seen in optical absorption measurement 
down to a frequency of 10 cm-' and at T x 5 . 1  K 131. As can be seen from Fig. 1, 
the surface resistance obtained by experiments in the millimeter wave range up to 
3 cm-' drops upon entering the superconducting phase. 

For a BCS superconductor in the dirty limit, the electrodynamic response has 
been evaluated first by Mattis and Bardeen [ 2 5 ] :  

gl,s(WIT) - - 2 I m [ f ( E )  - f(E + hw)]g(E)dE 
*n f i W  A 
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FREQUENCY DEPENDENT CONDUCTIVITY I I3 

P 

FIGURE 5 :  The real part of the normalized conductivity ul/un of a superconductor 
as a function of frequency h w / 2 A  and temperature TITc calculated after Eq. (13) 
derived by Mattis and Bardeen 1251. 

+‘/-A hw A - h ~  11 - 2 f ( E  + h w ) ] g ( E ) d E  (13) 

d E ,  (14) 
‘ J 2 , s ( W , T )  - [l  - 2 f ( E  + h w ) ] ( E 2  + A2 + h w E )  

- 

‘Jn (A2 - E2)1 /2[ (E  + h w ) 2  - A2I1I2 

where 

and the limits of integration are those specified in the original paper. The only 
input parameters in these calculations are the values of the energy gap A (which is 
determined by the transition temperature Tc), the temperature T ,  and the frequency 
w. In Fig. 5 the real part of the conductivity ul/un is plotted as a function of 
temperature TITc and frequency h w / 2 A .  A t  low temperatures u1 ( w ) / u ,  drops to 
zero below the superconducting gap energy which leads to a vanishing absorption. 
For temperatures slightly below the transition temperature T,, a maximum of the 
conductivity is expected at  low frequencies, know as the coherence peak [ZS]. The 
height of the peak goes as: 
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I I4 M. DRESSEL AND G.  GRmER 

The peak only appears for hw 5 A/5 (well below 2A); the width of the peak is only 
slightly frequency dependent as seen in Fig. 5. ul(T)/an can be approximated by 
the following algebraic formula: 

On the other hand, in the dirty limit (l  < t o )  the imaginary part of the conductivity 
u2/un is related to the gap parameter through the expression [26]: 

In the clean limit ( l  > t o ) ,  however, u2/un tends to the ratio ~ / W T  a t  low tempera- 
tures, and so in our case we cannot extract A from the zero-temperature value of u2, 

though we can check the consistency as far as the crossover from the Hagen-Rubens 
regime (WT < 1) to the relaxation regime (WT > 1) is concerned. 

In order to investigate the surface impedance of ( BEDT-TTF)~CU(NCS)Z for 
T < T,, have been employed two enclosed cavity configurations, one a t  35 GHz and 
one at  60 GHz [12, 13, 141. The experiments were performed with the electric Em 
parallel to the c-direction, and consequently is,, is probed. The complex conductivity 
6 = 01 + iu2 in the superconducting state which can be evaluated from both Rs(T)  
and Xs(T) by using Equation 2: 

2wRsXs 
a1 = 

( R i  + and 

The temperature dependence of the real and imaginary part of the normalized 
conductivity u l / u n  and u2/un is shown in Fig. 6. The measurements at 35 GHz and 
60 GHz were performed a t  two different crystals with slightly different transition 
temperature (T, = 8.6 K and 8.3 K,  respectively). In order to normalize the conduc- 
tivity to the metallic state value, we assume a temperature dependent scattering rate 
yielded from a fit of the metallic resistivity above T, given by Eq. (5), and extrapo- 
late this behavior below the transition as justified by Fig. 2. The general outcome 
of both experiments is similar: ug rises rapidly for T < T, and bascically follows the 
temperature dependence of the superconducting energy gap [Eq. (17)]. The real part 
of the conductivity 01 shows a maximum just below Tc which is stronger developed 
at lower frequencies. 

Both of our results shown in Fig. 6 are in full agreement with a BCS ground 
state. The small coherence peak in the u1-curve finds a natural explanation in the 
BCS model: the broad maximum reflects the case-I1 coherence factor [26]. At 60 GHz 
the photon energy is comparable to the single particle gap A, and the peak is almost 
smeared out. The experiments a t  35 GHz exhibit a peak value of u1/un 1.35, again 
in the excellent agreement with the BCS theory. We note that higher-momentum 
pairing leads to the rapid disappearance of the coherence peak and is expected to 
give al(T) values significantly below the solid line in Fig. 6. The size of the coherence 
peak depends on the coherence factor plus the divergency of the excitation density 
of states at  the the gap edge. It is expected that this singularity is removed for 
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FREQUENCY DEPENDENT CONDUCTIVITY 

( BEDT-TTF)~CU( N C S ) ~  
f = 35 GHz 

o,=3.8x103 (n an)-' 
- BCS (L/n(ll=0.7) 

n .  I '  I '  I '  I 

I 0.2 0.4 0.6 0.8 1.0 
T e m p e r a t u r e  T/Tc 

I I5 

FIGURE 6: Temperature dependence o f  both components o f  the optical conductivity 
u1 and u2 o f  K - ( B E D T - T T F ) ~ C U ( N C S ) ~  normalized t o  the normal state conductivity 
u,,. The measurements were performed at 35 GHz and 60 GHz with the electric field 
parallel to the highly conducting layers. The  solid lines represent the results of the 
BCS theory with l / n [  =0.7 and I ,  respectively. 

TABLE I: Elec trodyn am ical properties o f  (BED T-TTF)2 Cu (N CS)2 with the current 
flowing parallel to the highly conducting (bc)-plane; one crystals was measured at 
35 GHz, the second at 60 GHz. The  coherence length was assumed to be 70 A ,  the 
superconducting energy gap was estimated by 2A = 3 . 5 3 k ~ T ,  M 21 cm-'. 60 is the 
skin depth evaluated at T = 9 K ,  e the mean free path,  1/r the scattering rate, and 
X the zero temperature penetration depth. 

w /2n  T, 15 K) b0 e X ( T  = o )  
(GHZ) (K) (W'crnp') (pm) (A) (cm-'1 (pm) 

35 8.6 3.8 x lo3 4.4 160 15 0.8 
60 8.3 3 .7  x lo3 3.4 220 13 1.4 
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1 I6 M. DRESSEL AND G. GRUNER 

d-wave pairing leading to  a sharp decrease of the optical conductivity analogous to 
the Yosida function. 

The dirty limit (P < t o )  assumed in the derivation of Eqs. (13) and (14) may not 
be appropriate for K-(BEDT-TTF)~CU(NCS)~, since the mean free path 1 x 100 8, 
is comparable to the coherence length t o  = 70 8, 1271.. Chang and Scalapino 1281 
went beyond the treatment of Mattis and Bardeen, assuming a two-dimensional 
BCS ground state. We restricted ourselves to the weak coupling limit A(T = OK) = 
1 . 7 6 k ~ T ~  and fitted our results for various values of the only remaining parameter 
l / x ( o .  The best fits of our 35 and 60-GHz data shown in Fig. 6 led to a value of 
l / x t  = 0.7 and 1.0, respectively. Using with V F  = 4.7 x lo6 cm/s, the scattering rate 
1 / ~  was estimated and listed in Tab. I. 

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

X s ( T )  = p o 4 T ) ,  (19) 

where the surface reactance X s ( T ) ,  which is proportional to the measured frequency 
shift, is proportional to the penetration depth X and therefore can be directly com- 
pared with various models of the superconducting state. 

The experimental results were obtained using the 35 GHz cavity which can 
be cooled down with 3He to T x 0.7 K. The measured penetration depth of (BE- 
DT-TTF)zCu(NCS)z in the two directions is displayed in Fig. 7 in comparison with 
theoretical predictions of the weak coupling BCS theory. Within our accuracy of 
6 X / X  = f 0.007 [ 141, no indication of a temperature dependence can be found below 
0.3 T,. The absolute value of the zero temperature penetration depth X(T = 0) 
= 0.8 pm was found in good agreement with the literature values of 0.78 pm and 
0.98 pm as obtained by FSR [29, 301. The analysis of our 60 GHz data in leads to 
X(T = 0) = 1.4 pm. We note that in contrast to  the temperature dependence, the 
determination of the absolute value of the penetration depth requires an accurate 
knowledge of the sample geometry and of a temperature independent frequency offset 
introduced upon opening the cavity 113, 141; this leads to an uncertainty in the 
absolute value of X but does not influence X(T)/X(O). The dotted line in Fig. 7 is the 
London limit ( A  > P > t o ) ,  the dashed line represents the local regime ( A  > 60 > 1), 
and the solid line was calculated using the two-fluid model 

(20) 4 -112 XT(T)  = X O [ l  - (T/Tc)  1 
which is close to X(T) as would be observed for strong coupling. From our penetration 
depth data we cannot destinguish between clean (C > t o )  and the dirty limit ( t o  > C). 

For a finite mean free path C = 150 8, the measured penetration depth X exceeds 
the London penetration depth XL: 

X(T = 0) = XL(T = 0) 1 + - ( 
where t o  = 70 A is the coherence length. Using Pippard's formula 
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FIGURE 7: The penetration depth in (BEDT-TTF)~CU(NCS)~ as a function of 
temperature compared with theoretical predictions. The dotted line is the BCS 
weak coupling limit, the dashed line represents the local regime, and the full line 
is the two fluid model. In agreement with the calculations there is no appreciable 
temperature dependence below 0.3 T,. 

where the plasma frequency up is given by Eq. (7). XL can be estimated from the 
normal state parameters 

XL(T = 0 )  = - ( p;;n) 1'2 

From this we obtain XL(T = 0) = 0.79 pm and consequently X(T = 0) = 0.95 pm, 
which agrees well with our experimental data. 

The temperature dependence of the penetration depth is a direct indication 
of the pairing mechanism. Since X(T) is governed by the quasi-particle excitation 
sprectum, zeros of the order parameter should result in an anisotropic and power- 
law T-dependence of X(T + 0) due to the enhanced pair breaking excitations at  
low temperatures. While d-wave pairing results in a linear temperature dependence 
[31], s-wave pairing leads to a flat behavior with dX(T)/dT ITL,O= 0. It is clear from 
Fig. 7, that X(T) is well described by assuming a conventional s-wave ground state. 

CONCLUSION 
In the temperature region above T, (but T < 100 K)  K-(BEDT-TTF)~CU(NCS)~ 
behaves like metals with a scattering rate of approximately 15 cm-'. The electro- 
dynamic properties cannot be satisfactorily described by the simple Drude model 
where a frequency independent scattering time is assumed [Eq. (S)]. The T2 depen- 
dence of the resistivity for T < 30 K and the results of a generalized Drude analysis 
indicate that electron-electron interaction cannot be neglected in these organic ma- 
terials. Further studies are required to fully clarify the normal state properties in 
this regard. 

The electrodynamic properties of (BEDT-TTF)&u(NCS)2 in the superconduc- 
ting phase can be well described by the BCS theory assuming a conventional s-wave 
pairing. The coherence peak in u1 below T, follows the predicted frequency depen- 
dence and rules out a superconducting ground state which is significantly different 
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from singlet pairing. The penetration depth X(T) of the organic superconductors 
n-(BEDT-TTF)&u(NCS)z shows a flat behavior for low temperatures. This is in 
agreement with the BCS prediction and conventional s-wave pairing. 

Similar investigations in the optical [32] and microwave and millimeter wave 181 
range have been performed on (BEDT-TTF),Cu[N(CN)z]Br and lead to  comparable 
results. Thus we can conclude that the discussed behavior is general for class of two 
dimensional organic superconductors. Nevertheless, it will be desirable to revisit 
these issues when samples with extremely sharp superconducting transitions become 
available . 
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