Volume 122, number 3,4

PHYSICS LETTERS A

8 June 1987

MICROWAVE CONDUCTIVITY OF §-(ET),IAul

D.B. TANNER ', C.S. JACOBSEN

Physics Laboratory III, The Technical University of Denmark, DK-2800 Lyngby, Denmark

Jack M. WILLIAMS and Hau H. WANG

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439, USA

Received 14 July 1986; accepted for publication 18 April 1987

Communicated by J.L. Budnick

The 34 GHz microwave conductivity of the 2:1, f-phase compound of bis(ethylenedithio) tetrathiafulvalene (BEDT-TTF or
“ET”) with the diiodoaurate anion (IAul)~ has been measured from 20 to 300 K. This material is an ambient-pressure organic
superconductor with 7. = 5 K. A cavity perturbation technique in the skin-depth-limited regime was used. The conductivity varies
as the inverse square of the temperature over the entire temperature range. The room-temperature conductivity is 6 Q! cm~',

rather low for the conductivity of an organic “metal”.

This paper describes a measurement of the micro-
wave conductivity of B-(ET),IAul, where ET is the
bis(ethylenedithio) tetrathiafulvalene or BEDT-TTF
molecule and (IAul)~ is a linear, symmetric pseu-
dotrihalide. This compound is extremely interesting
because it exhibits the highest ambient pressure
superconducting transition temperature (nearly 5 K)
of any organic superconductor [1,2]. Our measure-
ments were made at 34 GHz at temperatures between
20 and 300 K; over this range the conductivity varies
as the inverse square of the temperature. The mag-
nitude of the conductivity is in good agreement with
far infrared measurements on sister samples [3].
However, the room-temperature conductivity is only
6 Q~! cm~!. This value is sufficiently small that the
usual Drude metallic picture of free carriers diffus-
ing along the electric field cannot be applied.

The conductivity was measured using the cavity
perturbation technique. The apparatus used has been
described previously [4]. The sample is placed at the
electric field maximum of a rectangular TE,, res-
onant cavity. The transmission and phase shift upon
transmission through the cavity, measured at five to

' Permanent address: Department of Physics, University of
Florida, Gainesville, FL 32611, USA.

seven frequencies around the resonant frequency by
use of a microwave interferometer, are used to cal-
culate the quality factor, Q, and resonant frequency,
w,, of the cavity [4]. The cavity is attached to the
cold tip of a continuous-flow cryostat; the heat load
imposed through the waveguide limits the minimum
temperature to 20 K.

The sample was a single crystal, prepared as pre-
viously described [1,2]. The dimensions were
0.4x0.4x1.5 mm, with the long axis being the
stacking axis. With these dimensions, the skin depth
will be smaller than the sample size so long as the
conductivity is larger than 0.02 Q! cm~".

In the skin-depth limit, the fields do not penetrate
the entire volume of the sample and the cavity loss,
1/Q, varies as the inverse square root of the sample
conductivity [4,5]. Furthermore, the resonant fre-
quency shift (from that of the empty cavity) is
determined by geometric factors: the depolarization
factor and volume of the sample; it is independent
of the sample dielectric constant.

The conductivity, o, is calculated from the follow-
ing equations:

960\//.ZW+H a\ [0}
a020) - o E (F) (1)
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Fig. 1. Microwave conductivity versus temperature for -
(ET),(IAul). Note the logarithmic scales. The line shows a 7>
behavior.

|Aw | /wo—A4(1/2Q) =a/N. , (2)
where

A(I/ZQ) = % l 1/Qsample_ I/Qemptyl 3

lACl) l/wO = le empty —Wo sample l /wO empty -«

The other quantities in egs. (1), (2) are the volume
filling fraction, a=2V,npe/ Veaviry; the (long-axis)
depolarization factor, N.; the sample width, W;
length, L; the dielectric constant (permeability) of
free space, ¢, (Uo); and the angular frequency, w. In
transcribing eq. (1) from refs. [4,5], we have
assumed that it is the volume of the skin region which
determines the loss and thus have replaced the factor
2na, the perimeter of the ellipsoid or cylinder, by
2(W+L).

Fig. 1 shows the microwave conductivity of
(ET),lAul between 20 and 300 K. On cooling, the
conductivity increases from 6 Q' cm~' at 300 K to
nearly 900 Q~! cm~! at 20 K. We measured the 300
K conductivity in the direction perpendicular to the
molecular stacking axis, obtaining ¢, ~1.8 Q!
cm~'. This value corresponds to an anisotropy ratio
of approximately 3:1.
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In the stacking direction, ¢, ~ T ~2 over the entire
temperature range, as shown by the solid line in fig.
1. This quadratic power-law behavior is typically seen
above the conductor-insulator transition tempera-
ture in many organic conductors, such as TTF-TCNQ
or the Bechgaard salts [6-8]. Mechanisms which
have been proposed to govern the dc conductivity
include conduction by charge or spin density waves
[9], scattering involving two-phonon (“two libron™)
processes [ 10], scattering by one-phonon processes
including optical branches [11], and elec-
tron-electron scattering [12].

As compared to other organic conductors, such as
TTF-TCNQ or the Bechgaard salts, the room tem-
perature conductivity that we have measured is
extremely small. It is, however, of the same order of
magnitude as the microwave and dc conductivity of
other 2:1, B-phase ET salts. Values between 10 and
33 Q! cm~! have been reported for the I3, PF:,
and ClOy; salts [13-18]. Only the ReO; has been
found to have a higher value: 200 Q~! cm~"' at room
temperature [19].

Furthermore, these microwave measurements are
in good agreement with an extrapolation to zero fre-
quency of the far infrared conductivity as deter-
mined by Kramers-Kronig analysis of the 30 and 300
K polarized reflectance [3]. In this respect the ET
compound also differs significantly from other highly
conducting organic crystals (TTF-TCNQ and the
Bechgaard salts) where the low-temperature micro-
wave and dc conductivity is typically a factor of ten
or more larger than the far infrared conductivity
[20-22].

Finally, we note that the notion of metallic con-
ductivity (in the sense of the Drude model, where
carrier motion is limited by a mean free path) can-
not be applied to the ET compounds over much of
the temperature range. According to the Drude for-
mula, the dc or microwave conductivity is given by

g=nelim*ve , (3)

where n is the carrier concentration, e is the elec-
tronic charge, m* is the effective mass of the carriers,
vr is the Fermi velocity and / is the mean free path.
The room-temperature conductivity (6 Q' cm~—!)
is, however, so low that the mean free path is much
smaller than the intramolecular spacing for any rea-
sonable choice of the other quantities in eq. (3),
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implying that the concept of a mean free path does
not apply.

We estimate the Drude-model mean free path in
the following way. We obtain the ratto of carrier con-
centration to effective mass and the Fermi velocity
from the plasma frequency, w,=(ne*e;m*)"?. We
begin by assuming that the measured plasma fre-
quency gives the one-electron parameters of a three-
quarter-filled tight binding band, with (on average)
half a hole per molecule. Thus we initially neglect the
dimerization gap caused by the inequivalence of the
two ET molecules per unit cell [23,24] as well as
correlation effects [25]. Because the plasma fre-
quency is larger than the interband splitting caused
by the dimerization and is also larger than typical
low-lying charge-transfer bands, it should be rela-
tively insensitive to these effects [26]. For a three-
quarter-filled tight binding band,

W, =(2/2e2a* tIneh? V),

vF=\/§ta/h .

Here, ¢ is the transfer or hopping integral, a=4.5 A
is the intramolecular spacing, and V,, is the volume
per ET molecule.

Polarized reflectance measurements [3] for the
chain-axis direction give w,=1.94x 10" s~! (10.280
cm~'/1.27 eV) from which we infer t=0.22 eV and
v=2.2 X107 cm/s. The Drude-model mean free path,
from

I=(veleowl)o , (4)

would then be /=0.04 A at 300 K and /=6 A at 20
K.

Even the 20 K value is only slightly more than the
4.5 A spacing between ET molecules or the 3.5-3.7
A sulfur-sulfur contact distances.

These crude comparisons between the Drude-
model mean free path and the lattice constant would
be modified only by factors of order 2 if more real-
istic electronic structures were used. For example,
band structure calculations [23] suggest a half-filled
conduction band, with one electron per ET dimer. If
this were assumed then the carrier concentration
would be a factor of 3 smaller, making /=0.12 A at
300 K and /=20 A at 20 K. These distances should
be compared with the 9.1 A repeat distance along the
stacking direction.
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In summary, we find that the microwave conduc-
tivity is strongly temperautre dependent, is in agree-
ment with the far infrared conductivity, and suggests
an unrealistically short mean free path. One possible
explanation for the latter result would be to assume
that not all of the valence electrons contribute to the
conductivity; some must be rendered ineffective in
transport, either through the creation of many gaps
in the band structure by structural distortions or on
account of strong electron—electron interactions. We
note however that specific heat measurements [26]
show that the superconducting transition in -
(ET),IAul involves a large change in the Fermi-sur-
face density of states, suggesting that all of the valence
electrons do participate in the superconducting
behavior. A second possibility is that the effective
transport velocity and mass are not the Fermi veloc-
ity and band mass but are instead some much smaller
speed and larger mass. This would be the case if the
electrons were very strongly coupled to the lattice.
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