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Abstract
We describe a novel resonant cavity system which allows the bulk magneto-
conductivity of single crystals of anisotropic metals to be measured at GHz
frequencies. The cavity can be made to rotate in a static magnetic field,
permitting detailed studies of the dependence on the magnetic field orientation
of the high-frequency magnetoconductivity. In this paper, the apparatus is
used to measure the Fermi-surface topology of two organic superconductors;
the details revealed are inaccessible to conventional fermiological techniques
such as the de Haas–van Alphen effect. In κ-(BEDT-TTF)2Cu(NCS)2, Fermi-
surface traversal resonances (FTRs) are observed. The angle dependence of the
FTRs shows that the quasi-one-dimensional (Q1D) Fermi sheets of this material
possess two distinct corrugations, with corrugation axes making angles of 17.3◦

and −19.4◦ with the ka-axis. Such data form important input parameters for
current models of superconductivity in the organics, which invoke spin-density-
wave-like fluctuations caused by partial nesting of the Q1D Fermi sheets. In
β ′′-(BEDT-TTF)2SF5CH2CF2SO3, cyclotron resonance is observed, along with
its second and third harmonics. The detailed angle dependence of the intensities
of the various cyclotron harmonics allows the elongation and orientation of the
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closed section of the Fermi surface to be deduced, and strongly suggests that
the interplane transport is coherent in this material. The effective mass deduced
from the cyclotron resonance measurements is greater than that determined from
magnetic quantum oscillations, in agreement with recent theoretical predictions.

(Some figures in this article are in colour only in the electronic version; see www.iop.org)

1. Introduction

Over the past decade, anisotropic metals and quasimetals have formed an increasingly
important research area within condensed-matter physics [1]. Amongst these systems, one
can include the ‘high-Tc’ cuprate superconductors [2], the layered ruthenates [3, 4] and
manganites [5], and charge-transfer salts (crystalline organic molecular metals) [6]. In such
systems, it is important to be able to characterize the interactions and many-body effects which
affect the charge carriers [6–8]. It is also necessary to be able to check whether Fermi-liquid
theory is applicable, what the detailed topology of the Fermi surface is (if it exists), and whether
the band structure is coherent in all three dimensions [9].

Taking one example, there is considerable debate over the nature of superconductivity
in quasi-two-dimensional charge-transfer salts [6, 10–12]. Several theories [13–16] stress the
importance of the details of the Fermi-surface topology in providing suitable prerequisites for
superconductivity. There is strong evidence that in many of these salts, the superconductivity
is d-wave-like and mediated by spin-density-wave-like fluctuations [6, 10]; however, if the
Fermi-surface geometry and interactions are altered slightly, it appears that BCS-like s-wave
superconductivity may be the dominant low-temperature ground state [6]. Clearly it is essential
to be able to measure fine details of the Fermi-surface topology in such materials [14].

In this paper, we give the first detailed description of a novel experimental technique for
measuring the magnetoconductivity of anisotropic and layered materials at GHz frequencies.
The technique is novel because it measures the high-frequency bulk conductivity of a metallic
system; moreover, the use of a resonant cavity which rotates in the quasistatic magnetic field
allows the detailed angle dependence of the conductivity to be mapped out. The technique
has already led to the first definitive observations of cyclotron resonance in narrow-bandwidth
metallic systems [6]; when compared to de Haas–van Alphen data, such experiments give
information about the many body effects [6, 8, 17]. It has also been used to observe a new
type of magneto-optical resonance, the Fermi-surface traversal resonance (FTR) [18,19]. The
observation of FTRs enables details of the Fermi-surface topology which are inaccessible
to other methods to be mapped [6]. Finally, the apparatus has permitted the observation
of a new type of cyclotron-resonance-like phenomenon in Sr2RuO4 [4]. In the present
paper, we conclude with very recent data for two organic superconductors which illustrate
the experimental technique and some of the phenomena mentioned above.

2. The experimental method

2.1. Millimetre-wave vector network analyser (MVNA)

The experimental technique is based around the millimetre-wave vector network analyser
(MVNA) which acts as a tunable source and detector of GHz radiation [20]. A schematic
diagram of the MVNA is shown in figure 1. The MVNA is based on two YIG (yttrium–
iron-garnet) oscillators (master and slave) which are continuously tunable between 8 and
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Figure 1. A schematic diagram of the millimetre-wave vector network analyser (MVNA) [20]
(Synth = synthesizer, PLL = phase-locked loop, YIG = yttrium–iron-garnet oscillator,
Ref = reference source, HG = harmonic generator, HM = harmonic mixer). For an explanation
of the various frequencies, see the text.

18 GHz. The YIG oscillators are phase locked and the slave YIG follows the frequency of
the master.

The master YIG is set at a frequency (F1) between 8 and 18 GHz, chosen by the user (see
figure 1); the slave oscillates at F2 = F1 − f , where the offset frequency f is controlled by
the computer. The oscillating current from the master YIG (F1) is sent to a Schottky diode (the
harmonic generator (HG)) which acts as a transducer, emitting electromagnetic waves which
are sent to the experiment. Owing to its non-linear current–voltage characteristic, the HG
Schottky diode generates a comb of frequencies which are multiples of F1, Fmm = N × F1
with N = 1, 2, 3, . . ..

The signal from the slave is sent to a second Schottky diode, the harmonic mixer (HM).
The HM mixes the millimetre-wave signal received from the experiment (Fmm = N × F1)
with the signal from the slave (N ′ × F2 = N ′ × (F1 − f )) to give frequencies

Fmix = NF1 ± N ′(F1 − f ). (1)

The low-frequency interference signal (N × f ), generated by the mixing of millimetre waves
withN = N ′, is detected at a chosen harmonicN , i.e. the frequency is downconverted. N×f is
equal to 34.010 488 MHz for all harmonics higher than 3 and 9.010 488 MHz for the harmonics
N = 1, 2 and 3.
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The amplitude of the detected signal (Fmix = N × f ) is proportional to the amplitude of
Fmm entering the HM (i.e. the signal from the experiment). Moreover, the phase of the signal
from the experiment is preserved;

φmix = Nφ1 + δφ − N ′φ2. (2)

Here φmix is the phase of the detected signal, φ1 and φ2 are the phases of the master and the
slave YIG respectively, and δφ is the phase shift due to the experiment.

In the vector receiver of the MVNA,Fmix is downconverted by mixing with signals derived
from the same main reference source in order to keep the phase information. The final output
signals are at 10 kHz and 500 Hz; both can be used with a lock-in amplifier or displayed on
an oscilloscope.

In addition to the advantages of measuring both phase and amplitude from an experiment,
the MVNA covers a very interesting range of energy in condensed-matter physics. With
suitable extensions, the MVNA is tunable from 8 to 350 GHz continuously, and up to 800 GHz
over a series of narrow bands [20,21]. These frequencies correspond to energies from 0.03 meV
to 3 meV, or temperatures from 0.4 to 40 K. These are the characteristic energy scales of
many phenomena in condensed-matter physics, including many-body effects in correlated-
electron systems [6, 22] and Kondo insulators [23], and superconducting gaps in e.g. heavy-
fermion [22] and organic superconductors [12]. Moreover, the frequencies correspond to
cyclotron resonance at standard laboratory fields in organic molecular metals [6] and strongly
interacting carrier systems [24].

The MVNA is therefore a very interesting source/detector combination for condensed-
matter physics experiments. However, it is also very useful as a diagnostic instrument;
frequency sweeps enable behaviour of the experiment to be analysed and optimized at all
stages, so unhelpful phenomena such as parasitic millimetre-wave leaks and standing waves
can be eliminated.

2.2. Bulk conductivity measurements of single crystals at GHz frequencies

High-frequency measurements of the conductivity of metallic crystals are usually limited by
skin-depth effects [25]. However, the anisotropic or layered systems which are of interest in the
current context usually consist of highly conductive planes which are relatively weakly coupled
in the interplane direction; the interplane conductivity is therefore much lower (see figure 2).
In the current experiments, the highly conducting planes of the sample are aligned parallel to
the oscillating magnetic field Bosc of the GHz radiation (see figure 2). The oscillating magnetic
field induces circulating ac currents (Josc), which Maxwell’s equations dictate must flow in
both interplane and in-plane directions. The low interplane conductivity restricts the size of
current which can flow, so the skin depth can become very large [18, 26, 27]. Table 1 shows
some examples of calculated skin depths; the relevant quantities for the current experiments
are those listed against ⊥, which are typically 100s of µm. As the typical sizes of the single
crystals used in these experiments are ∼0.5 × 0.5 × 0.05 mm3 [18], the bulk of the crystal is
penetrated as long as the induced currents are made to flow in the interplane direction.

The conductivity anisotropy dictates that the power absorbed by the sample is almost
entirely due to the currents induced in the interplane direction; thus, it is mainly the interplane
ac magnetoconductivity that is probed [18, 21, 26–28].

Figure 2 also shows a quasistatic magnetic field B that is applied. In most experiments
the sample is tilted so that B makes an angle θ with the normal to the highly conducting
planes; this involves rotating the cavity and sample with respect to B (see section 2.6). A
further degree of freedom is given by the angle shown as φ, which defines the direction of
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Figure 2. A schematic diagram of the configuration required for measuring a layered metallic
system; the oscillatory magnetic field of the GHz radiation Bosc is applied in the highly conducting
planes. The induced currents Josc must flow in both in-plane and interplane directions. In the
experiments described subsequently, a quasistatic magnetic field B is applied; in the figure it is
shown perpendicular to the sample’s highly conducting planes. However, in most of the experiments
the sample is tilted so that B makes an angle θ with the normal to the highly conducting planes.
The angle φ defines the direction of Bosc with respect to one of the in-plane crystal axes.

Table 1. Typical normal-state conductivities (σ ) and skin depths (δ) of two organic conductors
which have been studied using the techniques described in this paper; the experiments on κ-(BEDT-
TTF)2Cu(NCS)2 are described later in this paper, and those on α-(BEDT-TTF)2KHg(SCN)4 are
in reference [18]. The skin depths have been calculated for a frequency of 70.7 GHz. The notation
‘‖’ is used to indicate the direction of the induced currents parallel to the conducting planes, ‘⊥’
refers to the direction of the induced ac currents normal to the conducting planes. The ‘reference’
column gives the source for the conductivity data.

σ (� m)−1 δ (µm) T (K) Reference

κ-(BEDT-TTF)2Cu(NCS)2 ‖ 4 × 105 3 10 [29]

⊥ 4.0 × 102 95 10 [29]

α-(BEDT-TTF)2KHg(SCN)4 ‖ 2.5 × 104 12 1 [30]

⊥ 12.5 500 1 [30]

Bosc with respect to one of the in-plane crystal axes7. In this way, the angle dependence of the
high-frequency magnetoconductivity can be mapped [31].

In order that Bosc is always applied in the highly conducting planes of the sample,
a rectangular resonant cavity system is used. This offers two advantages. Firstly, the
measurement sensitivity is greatly enhanced; the sample is part of the resonator and therefore
changes in the sample’s properties have a large effect on properties of the resonator. This
is crucial in studying very small single crystals [18, 21]. Secondly, the electromagnetic
environment inside the cavity is well known and largely independent of temperature, magnetic
field, or sample properties as long as the sample is small.

This is in sharp contrast to e.g. a transmission experiment at GHz frequencies [32–34].
In transmission experiments, the sample is exposed to a random mixture of oscillating electric

7 Because of the construction of the rotation mechanism and the polarization of the millimetre waves within
the resonant cavity (see below), this also has the effect of fixing the plane of rotation of the sample with respect
to B [18].
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and magnetic fields and the thermal contraction of the waveguide and the changing sample
properties vary the standing-wave pattern. Hence the field distribution around the sample may
change during the measurement.

2.3. Rectangular cavity modes

Although cylindrical cavities are simpler to manufacture and higher Q-factors are
achieved [35], rectangular cavities have a number of very important advantages. The
rectangular cavity has robust modes which are widely separated in frequency; therefore the
mode mixing, caused by a sample perturbing the field distribution in the cavity, is very small
compared to that in cylindrical cavities [35]. Secondly, for a given frequency, a rectangular
cavity is more compact; this is of advantage when it comes to rotating the cavity in the
magnetic field.

The modes of a rectangular cavity are readily derived with good accuracy by making
the assumption that the cavity walls are perfect conductors [36]; the transverse electric (TE)
modes are

Ex ∝ cos(kxx) sin(kyy) sin(kzz) Bx ∝ sin(kxx) cos(kyy) cos(kzz) (3)

Ey ∝ sin(kxx) cos(kyy) sin(kzz) By ∝ cos(kxx) sin(kyy) cos(kzz) (4)

Ez = 0 Bz ∝ cos(kxx) cos(kyy) sin(kzz). (5)

For a cavity with dimensions a, b, and d in the x-, y-, and z-directions respectively, the allowed
wavevectors are kx = mπ/a, ky = nπ/b, and kz = pπ/d , where m, n, and p are the numbers
of half-wavelengths in the standing waves of the cavity. Such a mode is denoted TEmnp, and
the resonant frequencies are given by [35, 36]

f0 = 1

2

√
(m/a)2 + (n/b)2 + (p/d)2

µε
(6)

where ε is the permittivity and µ is the permeability of whatever fills the space within the
cavity (usually vacuum).

The distribution of the electric (E) and magnetic (B) fields of the TE102 cavity mode is
shown in figure 3; this is the chief mode used in the experiments described below. Note that
there is a magnetic field antinode at the centre of the cavity in which the sample is placed.

2.4. Practical cavity design

A schematic diagram of the resonant cavity used in the experiments is shown in figure 4. The
body of the cavity is constructed from a piece of silver WG26 waveguide with inner dimensions
1.55 × 3.10 × 6.00 mm3. The two open ends of the body are closed with stainless-steel top
plates, which screw onto brass lugs soldered to the body. Silver foil (thickness ∼ 100 µm) is
fitted between the top plates and the cavity. The cavity’s body is made slightly larger than the
supporting lugs to ensure that the silver foil is pressed firmly against the cavity body, as the
currents induced in the TE102 mode cross all the faces of the cavity [35]; good electrical contact
is important to minimize the dissipation of the induced high-frequency currents in the walls.

Substituting the dimensions of the cavity into equation (6) yields 70 GHz for the TE102

mode. Figure 5 shows the cavity transmission of a loaded rectangular cavity versus frequency
recorded using the MVNA. One frequency sweep is taken at room temperature (open diamonds)
and the other frequency sweep is taken at 1.4 K (full circles). The measured resonant frequency
at the lower temperature is 70.81 GHz, in good agreement with the calculated frequency. The
magnitude of the low-temperature resonance is larger than the room-temperature resonance,
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Figure 3. The field distribution for the TE102 mode of a rectangular cavity. E represents the
oscillating E-field, and B represents the oscillating B-field. (After reference [35].)

Figure 4. A schematic diagram of the rectangular cavity used in the experiments. The white
section in the centre is the silver WG26 waveguide.

showing that the silver cavity walls and sample dissipate less power at low temperature because
of their improved conductivity. The resonance position shifts up in frequency on lowering the
temperature as a result of a slight thermal contraction of the cavity.

The TE101 and TE104 modes have the same coupling configuration as the TE102 mode.
The TE101 mode has an oscillating electric field antinode in the centre of the cavity and the
TE102 mode has a oscillating magnetic field antinode in the centre. Therefore by positioning
the sample in the centre of the cavity it can be exposed to both electric and magnetic fields in
the same cavity [26]. In figure 5(b) the fundamental mode TE101 is observed at 56.4 GHz.

2.5. Coupling in the radiation

The coupling holes allow the millimetre wave to enter the cavity and are positioned at the
centres of both ad-planes (see figure 3). There is a fine balance between a hole large enough to
enable sufficient millimetre waves to enter the cavity, and a hole small enough to keep radiation
losses small. The optimal condition for coupling is λ > diameter > w [35], where λ is the
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TE

TE

Figure 5. The frequency response of the rectangular cavity loaded with a charge-transfer salt
crystal. (a) The TE102 resonance in dB. The open diamonds are data taken at room temperature
and the full circles are 1.4 K data. (b) The TE101 resonance (left) and the TE102 resonance (right),
in linear units.

wavelength and w the wall thickness. Careful testing showed the optimal hole diameter to be
0.8 mm in the cavity shown in figure 4. To reduce losses in the cavity wall the area around the
hole is recessed, as shown in figure 4 and figure 6.

Figure 6 shows how the cavity is placed between the waveguides which connect it to
the HG and HM heads; for simplicity, the rotation mechanism (see section 2.6) has been
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Figure 6. A schematic diagram of the vertical cross-section of the rectangular cavity placed between
the two waveguides to the source (HG) and detector (HM). The mechanism for rotating the cavity
(see section 2.6) has been omitted for clarity.

omitted. The cavity is held in this position by two Rexolite cylinders of 3 mm diameter which
are fitted in the recessed area around the coupling holes and which extend through the holes
(3 mm diameter) in the waveguides. From our tests, Rexolite appears to be very transparent
to millimetre waves and non-magnetic.

To couple effectively to a cavity, the electromagnetic wave distribution in the waveguide
next to the coupling hole should emulate the electromagnetic wave distribution inside the cavity
next to the holes [35]. For example, the TE102 mode has an oscillating magnetic field maximum
at the position of the holes (see figure 3). Consequently the mode in the waveguides should
also have an oscillating magnetic maximum at the hole. The waveguides are terminated with
oxygen-free copper plungers plated with gold; millimetre waves are reflected by the plungers
and standing waves are set up in the waveguides. By moving the plungers in or out of the
waveguides, the wave distribution can be adjusted to maximize the coupling to the cavity.

Note that in figure 5(a) the cavity transmission oscillates rapidly when the frequency is
changing. This is because, while sweeping the frequency, the wavelength of the millimetre
waves changes continuously; thus, waves in the waveguides interfere constructively and
destructively in alternation.

2.6. Rotating the cavity

Once the sample is placed in the resonator it becomes part of it and therefore the sample
cannot be moved without disturbing the surrounding electromagnetic environment. Moreover,
the large-skin-depth regime in anisotropic metallic samples depends on keeping the oscillating
magnetic field within the sample’s highly conducting planes (see section 2.2). Therefore,
in order to perform studies of the sample’s response to the orientation of a steady magnetic
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field, the sample and cavity must be rotated in the steady magnetic field together. This is
accomplished in a special cryogenic insert (outer diameter 14.5 mm) designed for 3He and
4He cryostats which fit inside a 17 T superconducting magnet in Oxford or the 33 T Bitter
coils at NHMFL Tallahassee.

The key mechanism in the insert consists of a worm drive and a gear wheel. The cavity is
made to fit tightly inside a rectangular hole in the wheel; the worm which turns the wheel is
driven by a rod from the top of the insert (see figure 7) which allows one to rotate the cavity
and sample in the cryostat at cryogenic temperatures. The worm is held gently on the wheel
by a small spring which is just visible in figure 7.

Figure 7. Detail of the cryogenic insert designed to rotate the rectangular resonant cavity and
sample in a quasistatic magnetic field. The rectangular cavity is visible within the brass cogwheel;
it pivots about the Rexolite cylinders which also couple the cavity to the waveguides (see figure 6).
The worm drive which turns the cogwheel is at the top of the picture. The wedge that clamps the
cavity tightly between the waveguides is just visible behind the rearmost waveguide.

To avoid millimetre-wave leaks, the cavity is clamped tightly between the two waveguides.
The clamp consists of a wedge sliding in a tapering groove. On pulling the wedge up using
a screw micrometer at the top of the insert, the cavity is free to rotate; on pressing the wedge
down, the cavity is fixed and ready for a measurement.

Note that rotating the cavity decreases the coupling to the waveguides as cos2 θ , where θ
is the angle of rotation of the cavity with respect to the waveguides [35]; in practice this tends
to restrict measurements to |θ | � 75◦.

2.7. Other considerations

A resonant cavity is a damped oscillator for electromagnetic waves. Waves are (partly) reflected
at the cavity’s highly conducting walls and form standing-wave patterns (modes) inside the
resonator. The energy losses from the cavity are chiefly due to dissipation via induced currents
in the walls, losses through the coupling holes, and absorption of the millimetre waves by the
sample. They are expressed in terms of the Q-factor of the cavity

Q = ω0
stored energy

power loss per cycle
= ω0

'
(7)

where ω0 is the resonant angular frequency and ' is full angular frequency width at half-
maximum of the resonance. The contributions to the dissipation sum such that

1/Q = 1/Qwalls + 1/Qcoupling + 1/Qsample (8)

where the subscripts indicate the source of the dissipation.
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Damped oscillators are treated in many texts (see e.g. reference [36]); the amplitude A

and phase ) of the E- and B-fields of the electromagnetic waves in the cavity are given by

|A(ω)|2 = A2
0

(ω0/2Q)2 + (ω − ω0)2
(9)

and

) = − arctan

(
2(ω − ω0)

ω0/2Q

)
(10)

whereA0 is the notional amplitude of the field supplying energy to the cavity and) is measured
relative to this field.

In experiments the millimetre-wave frequency is always set at the resonant frequency of
the (loaded) cavity. There are two ways to accomplish this.

(1) Lock the MVNA frequency at the resonant frequency of the cavity [18,21]. The frequency
counter (EIP575) is set at a reference frequency chosen by the user. The frequency of the
master YIG is fed into the frequency counter. The counter compares the two frequencies
and corrects the difference by sending a voltage proportional to the frequency difference
into the frequency-stabilization input of the YIG (see figure 1). This feedback loop
stabilizes the frequency to within 100 Hz, the accuracy of the frequency counter. This
method can be used only if changes in the sample properties are small throughout a
measurement, i.e. *ω0 � *', where ω0 is the resonance frequency and ' the resonance
width at half-maximum, and the symbol * indicates small changes in these quantities.

(2) Phase lock the cavity at resonance [28]. The phase changes very rapidly around the
resonance frequency but remains constant at resonance, even if the resonant frequency
changes (see equation (10)). The MVNA final output signal (500 Hz or 10 kHz) is sent
to an external lock-in amplifier; the out-of-phase output of the lock-in is connected to
the stabilization input of the YIG. If the resonant frequency of the cavity changes, the
out-of-phase output of the lock-in amplifier sends a feedback voltage to the YIG, and this
tunes the frequency back to the resonant frequency. This method is useful if the resonant
frequency changes during the experiment. However, other components causing a phase
drift must be carefully eliminated.

In all of the experiments reported in the current paper, method 1 is used, i.e. the angular
frequency of the MVNA is fixed at a constant value ω.

2.8. What is measured in a resonant cavity?

In order to relate the measured cavity parameters (i.e. the change in amplitude and phase of
the signal) to the sample properties, the amount of millimetre-wave penetration in the sample
has to be assessed. At resonance (ω = ω0), small changes in the resonance amplitude are
proportional to changes in the Q-factor and inversely proportional to changes in the power
dissipated (see equation (9)).

The phase is zero at resonance; when changes in the sample properties cause ω0 to shift
with respect to the fixed frequency ω, the change in phase is proportional to the change in
resonant frequency (see equation (10)). If changes in resonance frequency are no longer small
compared to the frequency width of the resonance ('), mixing between the phase and amplitude
signal makes it impossible to treat the cavity parameters as independent. We now describe
three types of limiting behaviour.
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2.8.1. Depolarization regime. In the depolarization limit (skin depth δ  l, where l is the
sample size), the millimetre waves penetrate the sample completely. For a dielectric with
complex permittivity ε = ε′ + iε′′ placed in an oscillating electric field antinode, the change in
amplitude (absorption) is directly proportional to the imaginary part of the permittivity ε′′ and
the change in phase signal (dispersion) is proportional to the real part of the permittivity ε′ [37].
The absorption of electromagnetic waves in the sample is proportional to the polarizability of
the sample [37].

If a magnetic material is placed in an oscillating magnetic field antinode, the change in
amplitude of the signal is directly proportional to the imaginary part of the permeability µ′′

and the change in phase is proportional to the real part of the permeability µ′ [37].

2.8.2. Skin-depth regime. In the skin-depth limit (δ � l), only the surface of the sample is
probed by the millimetre waves and the property measured is the surface impedance Zs [28],

Zs = Rs + iXs (11)

where Rs denotes the surface resistance and Xs the surface reactance. Changes in Rs and Xs

result in changes in the resonance width ' and resonant frequency ω, given by

π *'

ω0
= ζ *Rs (12)

*ω

ω0
= ζ *Xs (13)

where the symbol * represents a change in the quantity in question and ζ is a geometrical
factor known as the resonator constant [35].

2.8.3. Anisotropic metals. In an anisotropic metal where the skin depth is larger than the
sample size, the millimetre waves penetrate the whole sample. The sample experiences a
constant change in magnetic field ∂B/∂t when placed in a magnetic field antinode. The
oscillating magnetic field induces an electric field E:

∂B

∂t
= −∇ × E. (14)

Integrating over an area (A) and using Stokes’s theorem gives∫
surface

(∇ × E) · da =
∮

line
E · dl = E = −A

∂B

∂t
(15)

where E is the electromotive force (emf ). Therefore the oscillating magnetic field is pro-
portional to the emf and the emf determines how much current flows in the loop surrounding
A. The work done on a unit charge in one trip around the circuit is −E ; hence, the total work
done per unit time is

dW

dt
= −EI (16)

where I is the current. Because the magnetic field oscillates with a constant frequency the emf
is constant (voltage driven) and this makes the current proportional to the conductivity of the
material. The millimetre-wave power absorbed is caused by dissipation of the induced (eddy)
currents. Therefore (and somewhat counterintuitively) an increase in the conductivity results
in an increase of the induced currents and an increase of the power dissipated. Therefore
small changes in the resonant amplitude of a cavity are inversely proportional to the changes
in conductivity of the sample [26].
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3. Application to the organic superconductor κ-(BEDT-TTF)2Cu(NCS)2

3.1. Introduction

The family of superconducting charge-transfer salts κ-(BEDT-TTF)2X, where X can, for
example, be Cu(NCS)2, Cu[N(CN)2]Br, or I3, has attracted considerable attention (for a review
see section 3 of reference [6]). There is considerable evidence that the superconductivity
in these salts is not due to the conventional BCS, phonon-mediated mechanism (see ref-
erences [6, 10, 12] and references therein); however, the salts have well-defined quasi-two-
dimensional Fermi surfaces, indicating that the quasiparticles can be described by Fermi-liquid
theory at low temperatures [6].

Of all the κ-phase salts, κ-(BEDT-TTF)2Cu(NCS)2 (Tc = 10.4 K) is perhaps the most
extensively studied. The Fermi surface is shown schematically in figure 8; it consists of a pair
of electron sheets and a quasi-two-dimensional hole cylinder.

kb

kc

Figure 8. An in-plane cross-section of the Fermi surface of κ-(BEDT-
TTF)2Cu(NCS)2 [44].

The theories derived to describe superconductivity in the κ-phase BEDT-TTF salts
generally assume that the superconductivity is mediated by spin-density-wave-like fluct-
uations [13–16]; they are based on a detailed knowledge of the Q1D sheets of the Fermi
surface and in particular their ability to nest. Whilst the Q2D Fermi-surface section
of κ-(BEDT-TTF)2Cu(NCS)2 is well known, both from experimental data (Shubnikov–
de Haas (SdH) [38–42] and de Haas–van Alphen (dHvA) effects [43]) and from band-
structure calculations [44, 45], little is known about the precise topology of the Q1D sheets.
Breakdown and quantum-interference frequencies [39] provide a proof of the existence of Q1D
Fermi-surface sections and, more recently, angle-dependent magnetoresistance oscillations
(AMRO) [46, 47] were used to measure the Q1D Fermi sheets. The orientation of the Q1D
sheets in the crystal is known from the AMRO data but no detailed information on the topology
of the Q1D sheets could be deduced.

By contrast, using the millimetre-wave techniques described in this paper, two interplane
warping components of the Q1D Fermi sheets have been revealed. The experiment described
below shows that the directions of the corrugations of the Fermi sheet are 17.3◦ and −19.4◦ with
respect to the reciprocal ka-axis. The experiments involve the observation of a phenomenon
known as the Fermi-surface traversal resonance [18, 19], which will be described in the
following section.

3.2. Fermi-surface traversal resonance

The motion of the quasiparticles in a magnetic field B is determined by the equation for their
group velocity v:

h̄v = ∇kE(k) (17)
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whereE(k) and k are the quasiparticle energy and wavevector respectively and ∇k the gradient
operator in wavevector space, and by the Lorentz force [48]

h̄
dk

dt
= −ev × B. (18)

These equations show that the component of k parallel to B remains constant, and that the
quasiparticle energy remains constant; i.e. the k-space path of the quasiparticle is defined
by the intersections of surfaces of constant energy (such as the Fermi surface) with planes
perpendicular to B [48].

Figure 9 represents the path of a quasiparticle across a simple Q1D Fermi-surface sheet
with one sinusoidal corrugation; its velocity (always perpendicular to the Fermi surface—see
equation (17)) is represented by arrows. For a general direction of the in-plane magnetic
field (ψ �= 0 in figure 9), the quasiparticle possesses an oscillating real-space velocity which
depends on the shape of the Fermi surface; its velocity ‘rocks’ as it is driven across the
corrugations. Semiclassical [6,18,49] and quantum-mechanical [6,19] arguments show that an
electromagnetic wave, the frequency of which matches the frequency of the oscillating velocity
component, couples to the oscillating velocity; hence, the quasiparticle motion contributes
resonantly to the ac magnetoconductivity. The frequency of the oscillating real-space velocity
can be measured and linked directly to the Fermi-surface shape. This phenomenon is known
as the Fermi-surface traversal resonance (FTR) [18].

B
A

Figure 9. (a) A simple sinusoidal warped Fermi sheet with the magnetic field B‖ in the plane of the
sheet. The magnetic field makes an angle ψ with the warping axis. (b) The magnetoconductivity
resonance field as a function of angle ψ arising from the Fermi sheet shown in (a).

The rotation of the in-plane magnetic field B‖ through an angle ψ makes the resonance
frequency shift as sinψ (see figure 9(b)); at ψ = 0 the quasiparticle velocities do not oscillate;
at ψ = 90◦ the frequency is a maximum [18] (see figure 9(a)).

The experiments described in this paper use a fixed frequency and sweep the magnetic
field. Hence, the FTR’s shift in field as a function of ψ [18] as follows:

ω

B‖
= A sin(ψ + ψ0). (19)

Here we have introduced the angle ψ0 to indicate that the experimental coordinates may be
offset with respect to the warping axis. It is the angle dependence given by equation (19) which
enables FTRs to be identified. In a real Fermi surface, there may be several different types of
corrugation; each corrugation will give rise to an FTR [18, 19].

In an experiment where the steady magnetic field is rotated with respect to the sample, it is
usually not the case that the plane of rotation of the field coincides with the plane of the Fermi
sheet, i.e. in general B �= B‖. Therefore we need to transform the experimental coordinates
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(B, θ , and φ) into ‘FTR’ coordinates (B‖, ψ , and ψ0). The experimental parameters are listed
below.

• B is the magnetic field strength at the resonance.
• θ is the angle between the cavity (and sample) and the magnetic field, where θ = 0

corresponds to the situation where the magnetic field is aligned along the least conducting
direction of the sample (kz). This alignment can be checked by measuring the frequency
of the quantum oscillations in the ac response.

• φ is the azimuthal angle describing the plane of rotation of the sample in the magnetic
field; it can be estimated from the crystallographic alignment of the sample and the known
orientation of the Q1D Fermi sheets in the crystal. If the orientation is not known, data
must be recorded at many azimuthal angles.

The magnetic field B is set to rotate in the kxkz-plane over angle θ (see figure 10). The
Fermi sheet is defined in the ρxkz-plane, with the field in the plane of the sheet B‖ making an
angle ψ with the kz-axis. ψ0 is the angle that the corrugation of the Fermi sheet makes with
the kz-axis. Simple geometrical operations yield

B‖ = B

√
sin2 θ cos2 φ + cos2 θ. (20)

and

tanψ = tan θ cosφ. (21)

Figure 10. Definition of the angles used in the FTR experiment and analysis. The parameters from
the experiment are θ , the cavity rotation angle, the azimuthal angle φ, and the magnetic field at
the resonance B. The ‘FTR’ parameters are the angle ψ , the magnetic field B‖ in the plane of the
Fermi surface, and ψ0, the tilting of the warping axis (R) with respect to kz.

The angle dependence of the FTRs in experimental parameters is obtained from equation
(19) by substituting for B‖ and ψ :

ω

AB
=

√
sin2 θ cos2 φ + cos2 θ sin[arctan(tan θ cosφ) + ψ0]. (22)
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3.3. Raw data

Figure 11 shows raw cavity transmission data for a cavity loaded with a single crystal of
κ-(BEDT-TTF)2Cu(NCS)2 (for preparation and purity details see references [50, 51]); data
for three different cavity angles are shown. The data traces in figure 11 are normalized and
offset for clarity. The normalization is to cancel out the difference in signal strength, as with
increasing θ the coupling and therefore the cavity transmission signal decreases. The sample is
placed in the centre of the cavity with the b-axis (kb) aligned parallel to the oscillating magnetic
field (φ = 90◦); this also has the effect of defining the plane of rotation of the sample in the
quasistatic magnetic field (see figures 6, 3, and 7).

o

Figure 11. Transmission of the rectangular resonant cavity system loaded with a single crystal
of κ-(BEDT-TTF)2Cu(NCS)2. The temperature is 1.5 K; the frequency is set to 70.895 GHz, the
resonant frequency of the cavity. The sample’s azimuthal angle is φ = 90◦; data for three cavity
angles, θ , are shown.

The data for θ = 0◦ in figure 11 show a steep decrease in cavity transmission from 0 T
to 2 T. The small shoulder around 1.8 T is a background feature attributed to the stainless-
steel waveguides which is independent of temperature and present even in the absence of a
sample. The large change in signal over this low-field range is associated with the properties
of the mixed state [31, 52]. Around 3 T there is a feature associated with the transition from
superconducting to normal, which has been attributed to a variety of mechanisms [31, 52];
at values of θ away from 90◦, this feature follows the angle dependence of Bc2, moving as
∼1/cos θ [50] (see figure 11).

A wide resonance around 10 T is clearly visible at θ = 0; at higher angles θ , the resonance
shifts up in field. Above 13 T (at 1.5 K), magnetic quantum oscillations become visible;
the quantum oscillations show that a pure sample has been used and allow the consistency
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of the cavity angle and the sample orientation to be checked. The frequency (F ) of the
quantum oscillations increases at higher angles as F = F0/cos θ , in line with expectations [6].
Above 25 T, higher-frequency magnetic breakdown and Shiba–Fukuyama–Stark quantum-
interference oscillations are observed [6, 39, 53].

The position in the magnetic field of the resonance is plotted versus θ in figure 12.
Figure 12(a) and figure 12(b) show data recorded at temperatures 1.5 K and 4.2 K respectively
and demonstrate that there is little temperature dependence of the resonance position, although
the resonance amplitude increases on lowering the temperature; any difference between the
two data sets is probably due to slight differences in sample alignment since they were recorded
on separate runs. The solid lines in figure 12 are fits to

1

B
= 1

B0
sin(θ + θ0) (23)

(see equation (19)). Fits to the 1.5 K data in figure 12 give 1/B0 = 0.083 ± 0.002 T−1 and
θ0 = 84.3◦ ± 2◦. A single ‘arch’ of this form could be the result of a cyclotron resonance due
to the closed Q2D pocket of the Fermi surface [6]. Alternatively, it might represent an FTR
from a Q1D Fermi sheet with a single sinusoidal warping, either in the in-plane or interplane
directions. In order to make the identification of the magneto-optical resonance unambiguous,
data for several values of φ must be used.

B B

Figure 12. Resonance positions versus angle θ for azimuthal angle φ = 90◦. (a) T = 1.5 K.
(b) T = 4.2 K.

To determine the origin of the resonance, four azimuthal angles were measured, φ = 0◦,
20◦, 45◦, and 90◦. At φ = 0◦ the oscillating magnetic field is parallel to the c-axis (kc). The
resonance positions for φ = 20◦ are plotted in figure 13; it is immediately obvious that the
angle dependence of the data differs from that of the φ = 90◦ data in figure 12, strongly
suggesting that the magneto-optical feature is not a cyclotron resonance.

To get a better picture of what is happening, the experimental coordinates must be
transformed into ‘FTR’ coordinates (see equations (20) and (21)). However, the feature
associated with the transition from superconducting to normal can act to obscure the magneto-
optical resonance. In figure 13(a) the position of the feature, which follows Bc2 in being
proportional to 1/cos θ at low angles [6, 50, 51], is plotted as a solid line. Data for which
the magneto-optical resonance and the superconducting feature interfere are removed from
the ‘FTR’ coordinates plots. The transformed data are presented in figure 13(b). The
transformation gives a much clearer picture of the data and two ‘arches’ are readily observed,
indicating that two corrugations with different warping axes are present [6, 18].
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B B

Figure 13. Resonance positions at T = 1.5 K and with φ = 20◦ in different coordinate systems.
(a) The resonance position versus angle θ in experimental coordinates. The solid line is the expected
position of the feature associated with the superconducting-to-normal transition, which obscures
the magneto-optical resonance at some angles. (b) The resonance position versus angle ψ in ‘FTR’
coordinates; the solid line is a fit to equation (19).

The φ = 0◦ experimental coordinates B, θ are identical with the FTR coordinates B||, ψ
because for this angle the magnetic field lies in the plane of the Fermi sheet (see figure 10).
By contrast, the φ = 90◦ data give only one point in ‘FTR’ coordinates because all resonance
positions fall together at ψ = 0◦. The final figure, figure 14, is composed of all the resonances
from all the azimuthal angles. In figure 14(a) the resonances are shown in experimental
coordinates for many values of φ and the solid line is again the prediction of the position of
the superconducting feature. Figure 14(b) shows the same data in transformed coordinates;
in ‘FTR’ coordinates all of the resonance positions nicely map onto two arches, showing the
origin of the resonance unambiguously.

The two arches in figure 14 have been fitted using equation (19). The fit parameters are
shown in table 2; the column ‘Total’ gives the fitting results for all the resonances from different
φ-angles fitted together in ‘FTR’ coordinates. A schematic diagram of the Q1D Fermi sheets of
κ-(BEDT-TTF)2Cu(NCS)2 is plotted in figure 15, showing the interplane corrugation deduced
from the FTR results; the warping is greatly exaggerated [6].

Table 2. The results from the fits of the κ-(BEDT-TTF)2Cu(NCS)2 FTR data shown in figure 14(b).
The parameter m∗

1D = e/A is defined by analogy with conventional cyclotron resonance; the
maximum FTR angular frequency is eB‖/m∗

1D (see equation (19)).

φ 0◦ 20◦ 45◦ Total

Left A/ω1D (T−1) 0.22 ± 0.01 0.21 ± 0.01 0.25 ± 0.01 0.221 ± 0.006
ψ0 18.0◦±1.7◦ 20.4◦±1.8◦ 11.0◦±1.7◦ 17.3◦±1.1◦

m∗
1D (me) 1.80 ± 0.08 1.92 ± 0.07 1.58 ± 0.08 1.79 ± 0.04

Right A/ω1D (T−1) 0.17 ± 0.01 0.18 ± 0.01 0.19 ± 0.01 0.173 ± 0.005
ψ0 −20.4◦ ± 2.1◦ −17.2◦ ± 1.9◦ −18.7◦ ± 1.5◦ −19.4◦ ± 1.2◦

m∗
1D (me) 2.34 ± 0.11 2.26 ± 0.10 2.09 ± 0.09 2.29 ± 0.07

3.4. Summary

The magneto-optical techniques described in section 2 have enabled the corrugations of the
Q1D Fermi-surface sheets in κ-(BEDT-TTF)2Cu(NCS)2 to be characterized unambiguously.
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B
B

Figure 14. The resonance positions versus angle at 1.5 K for azimuthal angles φ = 0◦, 20◦, 45◦,
and 90◦ (diamonds, filled circles, filled squares, and open squares respectively). (a) Experimental
coordinates, with the solid line representing the position of the superconducting feature. (b) The
same data in ‘FTR’ coordinates, showing two arches. The solid line is a fit of the data points to
equation (19).

Two corrugations were found; the directions of the corrugations of the Fermi sheet are 17.3◦

and −19.4◦ with respect to the reciprocal ka-axis. It should be noted that the conventional
methods for studying the Fermi-surface topology (those based on the de Haas–van Alphen and
Shubnikov–de Haas effects) are unable to give such information [6].

FTRs are potentially observable in many substances with open Fermi-surface sections;
the techniques described in this paper should be widely applicable.

4. Cyclotron harmonics in β′′-(BEDT-TTF)2SF5CH2CF2SO3

4.1. Introduction

We have already mentioned that a number of theories of superconductivity in charge-transfer
salts [13,14,16] stress the importance of the details of the Fermi-surface topology in providing
suitable prerequisites for superconductivity. In this context, the isostructural charge-transfer
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Figure 15. A schematic diagram of the quasi-one-dimensional Fermi sheets in κ-(BEDT-
TTF)2Cu(NCS)2 with the single sinusoidal corrugation in the in-plane kc-direction and the two
newly discovered corrugations in the interplane direction.

salts β ′′-(BEDT-TTF)2SF5CH2CF2SO3 and β ′′-(BEDT-TTF)2AuBr2 are of great potential
interest. The predicted Fermi surfaces for the two salts are virtually identical, each consisting
of a quasi-two-dimensional (Q2D) cylinder and a pair of warped sheets [54, 55]. However,
whereas the former is a superconductor (indeed, the first entirely organic superconductor to
be synthesized) with Tc ≈ 5.4 K [54], the latter exhibits a series of magnetic field-dependent
density-wave ground states at low temperatures [55]. It is therefore of great interest to derive
accurate techniques for comparing the Fermi surfaces of the two β ′′-(BEDT-TTF) salts.

In this section, we report millimetre-wave magnetoconductivity measurements, using
the techniques described in section 2, which allow the topology of the Q2D Fermi-surface
sections of β ′′-(BEDT-TTF)2SF5CH2CF2SO3 to be deduced with confidence. The data also
show that the material possesses a Fermi surface which extends in the interplane direction.
in contrast to recent theoretical suggestions [6, 9]. The millimetre-wave conductivity studies
are analysed using a model which is able to predict the occurrence of cyclotron harmonics
with good accuracy. Moreover, the millimetre-wave conductivity measurements give the first
experimental evidence for a mass renormalization effect which has been recently predicted to
occur in narrow-bandwidth metallic systems [8].

4.2. Experimental details

The high-frequency conductivity measurements were made using the resonant cavity
techniques described in section 2. The β ′′-(BEDT-TTF)2SF5CH2CF2SO3 sample (of size
∼0.5 × 0.5 × 0.1 mm3) was placed inside a rectangular cavity resonating in the TE102 mode at
71.2 GHz [18]. As in the previous sections, the samples were aligned in the cavity such that
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the oscillating B-field is parallel to the highly conducting planes; induced currents must flow
in the interplane (low-conductivity) direction, leading to a skin depth greater than the sample
size. Since the conductivity anisotropy is large, the dissipation is dominated by the interplane
conductivity [18, 27].

GHz conductivity studies were carried out for different orientations θ at φ = 105◦, 75◦,
45◦, and 15◦. Figure 16 shows field sweeps between 0 and 15 T at a fixed frequency of 71.2 GHz,
for φ = 105◦ and 45◦. Only θ -angles between 0◦ and 70◦ are shown as the resonance positions
are symmetrical about θ = 0◦. The data have been normalized and offset for clarity. The
feature at 2 T on all sweeps is a background of the apparatus [18]. At intermediate fields
several broad resonances can be seen. For φ = 105◦, one resonance moves to higher fields
with increasing angle. The position of the resonance in magnetic field for different θ is fitted to

ω

B
= A cos(θ − θ0) (24)

giving values A/ω = 0.175 ± 0.005 T−1 and θ0 = 2◦ ± 2◦. This is consistent with the
behaviour expected of a cyclotron resonance, where the resonance should be centred around
θ0 = 0◦ [6].
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Figure 16. Transmission of the resonant cavity loaded with a single crystal of β ′′-(BEDT-
TTF)2SF5CH2CF2SO3 versus magnetic field for θ = 0◦ (lowest traces) to θ = 70◦ (uppermost
traces) and azimuthal angles φ = 105◦ (a) and φ = 45◦ (b). The temperature is 1.5 K. The dotted
lines are guides to the eye, and indicate the positions of the resonances.

At φ = 45◦ (figure 16(b)) another resonance appears for higher θ at approximately half the
field of the main resonance. This resonance is also seen forφ = 75◦ andφ = 15◦, and follows a
cos θ dependence of the inverse resonance field with fitting parametersA/ω = 0.36 ± 0.01 T−1

and θ0 = −1◦ ± 1◦. The value of A/ω strongly suggests that this resonance is the second
harmonic of the main cyclotron resonance. At some azimuthal angles an additional feature
becomes visible at θ ∼ 60◦, behaving like a third harmonic of the cyclotron resonance.
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4.3. Harmonics

Harmonics of cyclotron resonance in Q2D metals have been predicted by Blundell et al [49] and
Hill [27]. Reference [49] predicts the presence of higher harmonics in the real-space velocity
of charge carriers in cyclotron orbits about non-elliptical Fermi-surface cross-sections, leading
to harmonics of the cyclotron resonance. However, this does not predict even harmonics.

By contrast, Hill [27] considers a cylindrical Fermi surface which is warped in the inter-
plane direction; however, the warping vector is not directed along the cylinder axis. Second
and third harmonics of the fundamental are predicted. However, we have proposed a new
mechanism which predicts cyclotron harmonics and their angular behaviour without the need
for a shifted warping vector [56]. Figure 17(a) shows the cross-section of a typical warped
Q2D Fermi-surface section (warping greatly exaggerated). For a general orientation of B,
quasiparticles follow orbits about the Fermi surface such that the z-component of their real-
space velocity, vz, oscillates. If the angle θ is small, most orbits remain within one Brillouin
zone in the kz-direction and vz oscillates at the cyclotron frequency ωc. As θ increases, the
orbits can extend over several Brillouin zones in the kz-direction and vz acquires oscillatory
components at harmonics of ωc. The largest amplitude of the ωc-resonance will occur for
an angle θ1 in figure 17(a), as the change in vz for orbits crossing one Brillouin zone will be
greatest. The second harmonic will likewise be strongest at θ2, and so on. Simple geometry
leads to the following values for these angles [56]:

tan θ1 = π/c

kF
tan θ2 = 2 × π/c

kF
. (25)

Here 2π/c is the Brillouin-zone height in the interplane direction and 2kF is the width of the
Fermi-surface cross-section.
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Figure 17. (a) and (b) represent two different cross-sections of a warped cylindrical Fermi surface.
Cyclotron orbits about the Fermi surface are shown schematically as dotted lines for two inclinations
of the magnetic field B to the cylinder axis, θ1 and θ2.

Figure 18(a) shows the intensities of the resonances at an azimuthal angle φ = 75◦ as a
function of the angle θ . The angle dependence of the resonance amplitude of the first harmonic
has been fitted to a suitable functional form [56] centred on θ1, and the angular behaviour of
the second and third harmonics has been predicted using the same function but centred on θ2

and θ3 respectively.
The angle θ1 depends on the anisotropy of the Fermi surface and its azimuthal orientation.

Figures 17(a) and 17(b) represent rotating the field through the major and minor axes of the
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Figure 18. (a) Intensity of the cyclotron resonances versus θ for φ = 75◦. The solid curve is the
fit to the intensity of the fundamental cyclotron resonance, centred on angle θ1; the square points
are experimental data. The dotted curve is the predicted intensity of the second harmonic, centred
on θ2; the hollow circles are experimental data. The dashed curve is the predicted intensity of the
third harmonic, centred on θ3; corresponding experimental points are drawn as triangles. (b) The
parameter θ1 plotted as a function of φ; points are experimental values and the curve is a fit to
equation (26). The inset shows the orientation of the Fermi-surface cross-section with respect to
the crystal’s kb-axis (b∗-axis) derived from the fit.

Fermi-surface cross-section; in figure 17(b), θ1 is much higher than for figure 17(a). The angle
θ1 should vary with rotation as

θ1 = α + γ cos 2(φ + φ0) (26)

where φ0 is related to the orientation of the Fermi surface with respect to the crystal axes
and α and γ are constants corresponding to the major and minor axes of the Fermi-surface
cross-section. Figure 18(b) shows the values of θ1 for the azimuthal orientations studied
fitted to equation (26). From the maximum and minimum values of θ1, the major and minor
axes of the Fermi-surface cross-section are found to be in the ratio 10.5 ± 1.8:1, in very
good agreement with the 9 ± 0.2:1 found from angle-dependent magnetoresistance oscillation
(AMRO) data [57,58]. The fitted value of φ0 is used to orientate the Fermi surface with respect
to the crystal axes, as shown in figure 18(b), inset. The orientation of the major axis (inclined
at an angle 76 ± 4◦ to the kb-axis (b∗-axis)) agrees with orientations deduced from AMRO
data [57, 58] to within experimental errors.
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Finally, we note that the observation of cyclotron harmonics which obey such
an angle dependence strongly suggests that the interplane transport in β ′′-(BEDT-
TTF)2SF5CH2CF2SO3 is coherent, i.e. that the material has a three-dimensional Fermi surface
(cf. reference [9]).

4.4. Masses

A cyclotron mass m∗
CR = 2.3 ± 0.1 me was deduced from the angular frequency ω and

magnetic field B of the fundamental resonance at θ = 0 using the well-known formula [6]

ω = eB

m∗
CR

. (27)

Cyclotron resonance gives a different measure of the quasiparticle mass to that from a
thermodynamic experiment such as one based on the de Haas–van Alphen effect [6, 17];
in the simplest theoretical picture [6, 17], the mass measured in the cyclotron resonance
measurements represents the bare band mass renormalized by electron–phonon interactions,
whereas the mass measured in the thermodynamic measurements is additionally renormalized
by electron–electron interactions. In spite of a large number of magneto-optical experiments
on BEDT-TTF salts (see reference [6] for a discussion), only two definitive reports of cyclotron
resonance, both inα-(BEDT-TTF)2NH4Hg(SCN)4, have been made [26,27]. In these studies, a
cyclotron resonance corresponding to a mass ofm∗

CR = 1.9me was measured [26,27]; this may
be compared with an effective mass from magnetic quantum oscillations of m∗ = 2.5 me [60].
The relative sizes of the two masses (m∗

CR < m∗) is therefore in qualitative agreement
with the theoretical predictions mentioned above. By contrast, in the current experiments
on β ′′-(BEDT-TTF)2SF5CH2CF2SO3, m∗

CR = 2.3 ± 0.1me; this may be compared with a
mass m∗ = 2.0 ± 0.1 me deduced from quantum oscillations [56, 59] (i.e. m∗

CR > m∗).
Thus it appears that the predictions of an enhancement of the effective mass derived from
magnetic quantum oscillations over that measured in a cyclotron-resonance-like experiment
do not necessarily hold. Hubbard-model calculations have recently been carried out [8] which
contradict the simple theories and appear to support the above experimental observations. In
these calculations it was found that the relationship between the two masses depends strongly
on the characteristics of the material measured (e.g. band filling) and in some cases m∗ can be
exceeded by m∗

CR.

4.5. Summary

In summary, we have performed experiments on β ′′-(BEDT-TTF)2SF5CH2CF2SO3, showing
that the Q2D section of the Fermi surface is highly elongated. Harmonics of cyclotron
resonance have been seen in the millimetre-wave response of the sample and are explained by
a new mechanism which confirms the elongation and orientation of the Fermi-surface cross-
section. We have also found that in this material the effective mass determined from cyclotron
resonance experiments is greater than that measured from magnetic quantum oscillations, in
agreement with recent theoretical work.

5. Concluding remarks

We have described a novel resonant cavity system which allows the bulk magnetoconductivity
of single crystals of anisotropic metals to be measured at GHz frequencies. The cavity permits
detailed studies of the dependence on the magnetic field orientation of the high-frequency
magnetoconductivity.



GHz bulk magnetoconductivity of anisotropic metals 2259

The apparatus has been used to measure details of the Fermi-surface topology of two
organic superconductors; many of the details revealed are inaccessible to conventional fermi-
ological techniques such as the de Haas–van Alphen effect approach. Moreover, the technique
is able to give information about many-body effects and the coherence (or lack of it) of the
interplane transport. It is hoped that the publication of this information will encourage similar
measurements elsewhere, and the application of the technique to other systems.
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