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Abstract

This paper provides an introduction to charge-transfer salts of the ion bis(ethylenedithio)tetrathiafulvalenie (ET) and
their band-structure, and reviews some recent experiments on the salts involving high magnetic fields carried out by the

Oxford group and coworkers.

1. Introduction

The idea of making solids with band-structures
tailored to particular applications has long fascinated
physicists. Perhaps the best known example of this is the
semiconductor superlattice; another approach is to use
small organic molecules to build up solids with desirable
metallic, semiconducting or even superconducting prop-
erties [1]. Much of the current work in this field centres
on charge-transfer salts, systems in which a number of
molecules jointly donate an electron to another ion (the
anion), thereby producing a stable crystalline lattice
[2, 3]. Within this family of compounds charge-transfer
salts of the ion bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF or ET) [1-3] form a versatile system for
the study of band formation; by varying the anion X in
the salt (ET), X, the stoichiometry (and hence the band
shape) and band-filling may be adjusted. In this way
metallic, semimetallic, and semiconducting ET salts have
been made, some of which are also superconductors.

* Corresponding author.

Fig. 1 shows the crystal structure of x-(ET),Cu(NCS),,
and illustrates many of the typical structural| properties
of ET salts [2, 3]. The ET molecules stack in two-dimen-
sional (2D) planes, separated by layers of Cu(NCS),
anions. Transfer of electrons between ET mglecules oc-
curs readily within the 2D planes, but much | ss 50 in the
perpendicular direction; as a result, the banistructures
and electrical properties of ET salts are rather 2D. Fig. 2
shows the Brillouin zone and Fermi surface (FS) [4] for
k~(ET),Cu(NCS), calculated with an extended Hiickel
(tight-binding) model. As in many ET salts, the FS con-
sists of a quasi-1D open section (electrons) anﬁ;d a closed
2D hole pocket. The simplicity of the band-structures of
ET salts, and the relative ease with which tljey may be
calculated and measured makes the compoulTids attract-
ive systems for studying many problems in Condensed
Matter Physics [5].

In the following sections we shall briefly review some
of the techniques involving high magnetic fields which
are used to study the FS of ET salts, concentrating on
recent experiments carried out by the Oxford group and
coworkers. Further references giving detdils of the
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Fig. 1. Unit cell of k-(ET),Cu(NCS),, showing the stacking of
the ET molecules between the anion planes [2].
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Fig. 2. Magnetoresistance of x-(ET),Cu(NCS), at 0.7 K (mag-
netic field applied perpendicular to the conducting be planes) for
four different pressures [11]. The inset shows the Brillouin zone,
Fermi surface and a- and B-orbits (after Ref. [7]).

growth techniques used to prepare ET salts and other
practical considerations are listed in Ref. [6].

2. The Shubnikov-de Haas effect and magnetic break-
down in k-(ET),Cu(NCS),

Experimental tests of models for superconductivity
require a knowledge of the density of states at the Fermi
energy, and so a useful starting point is a material with
a simple bandstructure. In this context ET salts are ideal;
for example, k-(ET),Cu(NCS), has the simple and readily
calculated quasi-2D FS shown in Fig. 2, and for some
time was the highest temperature organic superconduc-
tor (T, ~104 K) [3-5].

Experimental studies of FS areas and associated effec-
tive masses in ET salts are often carried out using the
Shubnikov—de Haas (SdH) effect [4-10]. Magnetoresis-
tance (MR) data for x-(ET), Cu(NCS), are shown in
Fig. 2 for a number of hydrostatic pressures [11]; one
series of SAH oscillations, due to the k-space orbit
around the 2D hole pocket (the a-orbit; see inset) is
plainly visible. The period of the oscillations gives the
k-space area of the hole pocket, whilst the dependence of
the oscillation amplitude on temperature and field may
be fitted with the Lifshitz—Kosevich (LK) formula to give
the effective mass and Dingle temperature [10]. Note
also that the normal state conductivity of the sample
increases with pressure and the upper critical field B,
decreases sharply.

As the pressure is raised further (Fig, 3) [11], a second
series of oscillations with a higher frequency is observed
in the MR, superimposed on the a-orbit oscillations.
Similar oscillations have been observed at ~20T at
ambient pressure, and are attributed to magnetic break-
down [7-9]. Magnetic breakdown is due to electrons
tunnelling between states of equal energy in adjacent
sections of FS, thus describing a larger k-space orbit
[7-9, 11]. The inset in Fig. 2 indicates the primary break-
down orbit (the B-orbit) in k-(ET,)Cu(NCS), around the
outer edges of both the 2D and 1D FS sections.

The effective masses associated with the a and B orbits
were derived by fitting the SAH and magnetic breakdown
oscillation amplitudes measured in the range 0.5-5 K at
each pressure to the LK formula [10, 11] and are shown
in Fig. 4; the behaviour of the two masses is almost
identical in the regions where the breakdown effect can
be resolved. Two distinct regions are observed: above
a pressure P, ~ 5 kbar the rate of change in effective mass
with pressure is some eight times smaller than below P..
The variation of the superconducting T, with pressure
(measured in the same experiments) and its disappear-
ence at P, (Fig. 4) appears to be connected with the rapid
change in the effective mass in this region; it is thought
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Fig. 3. The oscillatory part of the magnetoresistance of x-
(ET),Cu(NCS), above 12 T at 0.7 K {field applied perpendicular
to the conducting planes) at two different pressures. The inset
shows the characteristic breakdown field B, as a function of
pressure [11]”
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Fig. 4. The effective masses of the a-orbit (hollow circles, left
and vertical scale) and B-orbit (filled squares, right-hand vertical
scale) of x-(ET),Cu(NCS), as a function of pressure. The inset
shows the superconducting T, versus pressure [11].

that the variation in T, corresponds directly to changes
in the electronic density of states at the FS associated
with the changes in effective mass. Such measurements of
the direct correspondence between superconducting
properties and band-structure are now being used to test
different possible models for superconductivity in ET
salts [11,12].

3. The de Haas—van Alphen effect in the vortex state

The de Haas—van Alphen (dHvA) effect in.an oscilla-
tory contribution to the magnetisation analogous to the
SdH effect and provides a powerful tool for studying the
FS of ET salts [13, 14]. Interestingly, there} have been
clear demonstrations of dHvA oscillations in| the vortex
state of type II superconductors such as NbSe, [15, 16],
V,Si [16] and Nb,Sn [17]. Recently such siudies have
been extended to k-(ET),Cu(NCS), [18]. The experi-
ments were performed in a dilution refrigeratdr, using the
field modulation method at temperaturesi down to
20 mK [18]. The magnetic field was applied in ab plane;
the angle between the applied field and the [a-axis (a is
perpendicular to the 2D planes) is 6.

A typical dHvA signal is shown in Fig.|5 (6 = 29°)
[18]. Data in the normal state are in accord with pre-
vious studies [13]. Fig. 5 also shows a fit jof the LK
formula to the normal state dHvA data; whillst the fit is
good within the normal state, the dHvA oscillations are
attenuated with decreasing field much more rapidly than
the LK formula predicts once the vortex statg is entered.
On entering the vortex state, the scattering rate appears
to increase from the constant value observedj in the nor-
mal state.

Studies in other type II superconductors [15-17] have
shown that dHvVA oscillations persist below $c2 and that
there is a suppression of their amplitude 1q the vortex
state which can be interpreted as an additipnal energy
broadening of the Landau levels. Theoretical models
[19] suggest that the effect of the vortex state can be

Theory for normal state Ti=20mK
— Experiment
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Fig. 5. The de Haas—van Aliphen signal from K-(HT)ZCU(NCS)Z
at 20mK and 6 = 29° with the background subtracted [18]
(solid line). The dotted line is the signal predicted by the LK
formula fitted to normal state data; below B, ( ~ 4.6 T), the data
are attenuated more quickly than predicted by the LK formula.
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incorporated into an additional field-dependent scatter-
ing rate which is proportional to the square of the super-
conducting gap, 4. Although the model has been used to
successfully account for observations in NbSe, {15, 16]
and Al5 superconductors [16, 17], at present detailed
comparisons with the data for x-(ET),Cu(NCS), are diffi-
cult due to problems in measuring B, caused by the
broad superconducting—normal transition. The short co-
herence length of k-(ET),Cu(NCS), means that the
superconducting properties are probably sensitive to
spatial inhomogenities in the system [2,20], and this
may be responsible for the broadening of features such as
the superconducting anomaly in the heat capacity [21].
Further studies are under way using more sensitive ap-
paratus; it is hoped that besides revealing the angular
dependence of 4, the measurements will provide informa-
tion about the cause of the broadened transition and
a novel method of determining the bulk average value of
B, [18].

4. Angle-dependent magnetoresistance oscillations

The technique of observing MR as a sample is rotated
in constant magnetic field has become a powerful tool for
deducing the FS topology of organic metals. Both (1D)
and 2D sections of FS can cause angle-dependent mag-
netoresistance oscillations (AMRO) via mechanisms
summarised below; in this discussion, @ is defined as the
angle between the field and the normal to the 2D planes.

1D AMRO result directly from a resonance between
the field direction and the wave vector of each of the
Fourier components of the corrugation of the quasi-1D
FS sheets [22-24]; the resonances take the form of the
dips in the MR periodic in tan(6) [22, 23]. The conductiv-
ity depends dramatically on whether electrons run across
or along each corrugation of the quasi-1D sheet because
the velocity—velocity correlation function is funda-
mentally different in each case [24]. When the magnetic
field moves out of the quasi-1D sheets, the resonances
spread out in angle due to purely geometrical consider-
ations; the periodicity is proportional to 1/cos(¢ — ¢o),
¢ being the azimuthal angle describing the plane of
rotation of the field [22, 23]. The AMRO also weaken,
because the electron-path becomes curved, resulting in
greater averaging of the velocities [24]. The strength of
each dip is related to the amplitude of a particular
Fourier component of the corrugation of the quasi-1D
sheets [24].

We have thus far described the band-structures of the
ET salts as quasi-2D. However, weak inter-plane coup-
ling is important, and causes a slight warping of the FS in
the direction perpendicular to the 2D plane; i.e. the hole
pocket in Fig. 2 is a warped cylinder. AMRO peaks due

to warped quasi-2D FS have been treated in several
theoretical works [25,26] and are connected with the
vanishing of the electronic group velocity perpendicular
to the 2D layers. The angles 6; at which the maxima
occur are given by bkjtan(0) = =(i + (— 1)) + A(),
where the signs + and — correspond to positive and
negative 8; respectively, b’ is the effective inter-plane
spacing, k), is the maximum Fermi wave vector projec-
tion on the plane of rotation of the field and i = +1,
+2... [25]. Here positive i corresponds to 0; > 0 and
negative i to 6; < 0. The gradient of a plot of tan(6;)
against i may thus be used to find one of the dimensions
of the FS, and, if the process is repeated for several planes
of rotation, the complete FS may be mapped [25, 27].
A(¢) is a function of the plane of rotation of the field,
determined by the inclination of the plane of warping;
hence this may also be found [25].

Both types of AMRO are illustrated using data from
a-(ET),KHg(SCN), [28]. Fig. 6 shows MR data at 15 T;
a series of AMRO are observed as & is varied. The
minima are very sharp and are periodic in tan(f) at each
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Fig. 6. AMRO of an a~(ET),KHg(SCN), crystal at 1.5K and
15T as a function of tilt angle 6 and azimuthal angle ¢. The
traces are offset for clarity [24, 28].
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azimuthal angle. However, this periodicity varies as
a function of ¢, being proportional to 1/cos(¢ — @)
with ¢o = 21 + 2° (¢ = 0 represents rotation about the
a-axis and positive ¢ represent angular displacement of
the rotation axis in the 2D ac plane towards the c-axis).
Note also that the amplitude of the AMRO varies with ¢.
All of these features are characteristic of the presence of
a 1D section of FS, as discussed above; in this case, the
presence of a warped quasi-1D FS tilted by 21° with
respect to the b*c plane is thought to be due to reorder-
ing of the quasi-2D FS by a spin-density wave (SDW)
[22,28].

Fig. 7 shows AMRO at fixed ¢: as the applied field
increases, the dips in the MR disappear and new peaks
appear. The peaks at high fields have a much more
isotropic dependence on ¢, and are characteristic of
AMRO due to the presence of a quasi-2D FS cylinder, as
discussed above [28]. This result illustrates that the mag-
netic field has induced a change in the character of the FS
form 1D to 2D; this is thought to be associated with the
destruction of the SDW by the external field [28, 29].
Similar changes in the AMRO, from 1D to 2D character,
are observed when o-(ET),KHg(SCN), is warmed up
through the SDW ordering temperature [29].

5. Effective masses and cyclotron resonance

The effective masses of carriers in ET charge-transfer
salts measured using the SdH and dHvA effects are
known to be much larger than those predicted by band-
structure calculations, suggesting that many body effects
are important [5, 30]. Within the theory of interacting
Fermions a number of quasi-particle “masses” can be
defined, reflecting the differing dynamical behaviour in-
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volved in various physical properties [31]. The simplest
is the bare band mass m,,, which is derived from single
particle band-structure calculations. This is close in size
to the optical mass m,, which can be probed by an
optical measurement of the intraband plasma response
[31]. The effective mass m* occurs in the thermodynamic
density of states, and may crudely be thought of as
arising from a quasi-particle displacing otber quasi-
particles as it moves through a medium. The backflow of
quasi-particles leads to a contribution to tje effective
mass m*. The dynamical mass my is the mass which
would be observed in the absence of quasi-patticle inter-
actions; it represents m, renormalised onl}‘f by elec-
tron~phonon interactions, whereas m* contains contri-
butions from both quasi-particle interactions and elec-
tron—-phonon interactions. The temperature iependence
of phenomena such as the SdH and dHvA effects deter-
mines the effective mass m* whereas a microwave cyclo-
tron resonance (CR) experiment measures m, [30, 31].

A typical CR spectrum is shown in Fig 8 for a-
(ET),NH,Hg(SCN), [32]. Besides the fundamental CR
at 2.5 T, there are a number of other features, interpreted
as higher harmonics; these are explained in detail else-
where [32]. The important point to note is that the mass
measured from CR (my) is a factor ~ 2 smaller than that
derived from the SdH effect (m*) [10, 3$] this is
a measure of the degree of renormalisation introduced by
quasi-particle interactions.

Various quasi-particle masses have been cﬂenved for
the a-orbit of k~(ET),Cu(NCS), at ambient pressure
[11]; myy = 0.64m, was obtained from a fit of band-struc-
ture calculations to low temperature optical data {11],
CR experiments give a value of my, = 1.18m, [33] and
m* = 3.5m, was measured using the SdH eﬁect (Fig. 4)
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Fig. 7. AMRO in o-(ET),KHg(SCN), at 1.5 K. The sharp dips
seen in 17 T are seen at all lower fields, but disappear in the
range 22-25 T to be replaced by peaks [24, 28].
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(ET),NH4Hg(SCN), (temperature and frequency shown in fig-

ure) [32].
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[11]. The latter value represents an enhancement of a fac-
tor of ~3 over my,. The quasi-particle interactions thus
appear to give a larger renormalisation of the quasi-
particle mass than do the electron—phonon interactions
(mpq/myy is a factor ~2 smaller than m3/m, ). No CR
data corresponding to the B-orbit have yet been ob-
served. However, the ratios of the effective masses to the
band masses are similar for the two orbits [11], indicat-
ing that the renormalisation of the bare band mass is
relatively uniform over the whole FS.

The effects of many body interactions therefore appear
to be very important in giving the large effective masses
in ET charge-transfer salts [5, 11]. It also seems that
large effective masses are a prerequisite for superconduc-
tivity in ET salts (Fig. 4) and that the mechanisms prim-
arily responsible for producing the mass enhancement
are due to interactions between quasi-particles, with elec-
tron—-phonon interactions playing a smaller role [11].
The initial strong decrease in effective mass with pressure
seen in Fig. 4 could therefore represent suppression of
a component of the quasi-particle interactions which
depends critically on the bandwidth; the bandwidth of
course increases with pressure.

6. Concluding remarks

We have reviewed some of the physics which can be
done with ET salts in high magnetic fields. Many similar-
ities between the ET salts and high T, superconductors
may have become apparent {2, 3]; e.g. 2D band-structure
with weak inter-plane coupling; low carrier densities,
implying less screening, leading to the importance of
quasi-particle interactions; the possibilities of both anti-
ferromagnetism and superconductivity; heavy effective
masses (~2-5m,.) leading to small Fermi velocities
(~10°ms™') and Fermi energies (~0.1¢V). Many of
these properties are also shared with heavy Fermion
systems [5]. The attraction of ET salts is that they
contain all of this interesting physics but may be
studied using reasonable fields (10-50 T) and temper-
atures (0.08-5K) [6]. They may well, therefore, be
the first systems on which theoretical approaches to
high T. superconductors or heavy Fermion systems
are tested.
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