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J. Phys.: Condens. Matter8 (1996) 10377–10392. Printed in the UK
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II. Pressure dependence of the Shubnikov–de Haas
oscillations
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† Department of Physics, University of Oxford, Clarendon Laboratory, Parks Road, Oxford
OX1 3PU, UK
‡ Polska Akademia Nauk, Zaklad Fizyki Ciala Stalego, ul. Wandy 3, 41-800, Zabrze, Poland
§ The Royal Institution, 21 Albemarle Street, London W1X 4BS, UK

Abstract. The magnetoresistance ofα-(BEDT-TTF)2MHg(SCN)4 (where BEDT-TTF is
bis(ethylenedithio)tetrathiafulvalene and M= NH4 or K) has been studied under pressures
of up to 14.8 kbar and for temperatures down to 0.7 K. The∼671 T (α) and ∼4270 T
(β) Shubnikov–de Haas oscillations observed in the ambient pressure magnetoresistance of
α-(BEDT-TTF)2KHg(SCN)4 persist to the highest pressure while the other quantum oscillatory
frequencies are removed under pressure. A strong second-harmonic component of theα-
frequency oscillations is observed on the raw data at 1 bar and is initially suppressed by pressure
but returns above∼9 kbar. Furthermore, in the saltα-(BEDT-TTF)2NH4Hg(SCN)4 a similar
pronounced second harmonic of the quantum oscillations has been observed at the highest
pressures. The origins of these features of the data are discussed in the context of current
models of the Fermi surfaces of these materials.

1. Introduction

This paper and the preceding one ([1] hereafter referred to as I) are concerned with the mag-
netotransport properties of the organic charge-transfer saltsα-(BEDT-TTF)2MHg(SCN)4,
where BEDT-TTF is bis(ethylenedithio)tetrathiafulvalene and M= K or NH4 [2]. Despite
the similarity of the crystal structures of these salts they possess markedly different ground
states; superconductivity in the case of M= NH4 [3] and what is believed to be a spin-
density-wave (SDW) state in M= K [4, 5]. The high quality of crystals that have been
synthesized has allowed the Fermi surfaces of these materials to be studied in detail via the
Shubnikov–de Haas (SdH) and de Haas–van Alphen (dHvA) effects ([6–9] and references
therein).

These studies have shown that the magnetoresistance of the M= NH4 salt is relatively
simple, exhibiting a single series of SdH oscillations [6]. It is believed that in this case
the Fermi surface consists of a single quasi-two-dimensional (Q2D) pocket and a pair of
warped quasi-one-dimensional (Q1D) sheets. However, in, for example, the M= K salt
the magnetoresistance contains multiple SdH frequencies and also exhibits phenomena such
as negative magnetoresistance and hysteresis between rising and falling field sweeps [8, 9].
In this case it is proposed that the Q1D sheets of the simple Fermi surface that exists
for M = NH4 have nested to give a complicated reconstructed Fermi surface with strongly
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corrugated Q1D sheets and further Q2D pockets [10]. By applying magnetic fields in excess
of BK ∼ 23 T (the so-called ‘kink field’) or by raising the temperature aboveTN ∼ 8 K
the M = K salt reverts to a behaviour similar to that of the M= NH4 material [8, 11]. It is
believed that this is due to destruction of the SDW state.

In this paper (paper II) we report measurements of the SdH effect in both
α-(BEDT-TTF)2KHg(SCN)4 and α-(BEDT-TTF)2NH4Hg(SCN)4 under hydrostatic pres-
sures of up to 14.8 kbar and for temperatures in the range 0.7–4.2 K. A comprehensive
description of recent high-pressure studies of theα-phase salts is to be found in [12]. It has
been suggested that the application of pressure toα-(BEDT-TTF)2KHg(SCN)4 removes the
SDW state atPc ∼ 5 kbar, leading to a reversion to the unnested normal metallic state [12–
14] Fermi surface, similar to that found inα-(BEDT-TTF)2NH4Hg(SCN)4. This proposed
reconstruction of the Fermi surface atPc has been associated with a number of changes
observed in the magnetoresistive properties of the material, namely removal of the large
hump in the background magnetoresistance ofα-(BEDT-TTF)2KHg(SCN)4 [13], the elimi-
nation of the large second-harmonic content from the waveform of the main SdH oscillation
series [12] and a transition in the angle-dependent magnetoresistance oscillations (AMROs)
from a Q1D character to a Q2D form [14]. Evidence, in this paper, leads us to suggest
that Pc may not represent the destruction of the SDW at all. It has also been suggested

that sinceα-(BEDT-TTF)2NH4Hg(SCN)4 has a unit cell volume of 2010̊A
3

in contrast to

1997Å
3

for α-(BEDT-TTF)2KHg(SCN)4 it might be possible to induce a density-wave state
in α-(BEDT-TTF)2NH4Hg(SCN)4 by the application of pressure [12]. For these reasons
detailed studies of the high-pressure states of these materials are desirable.

2. Experimental method

Single crystals ofα-(BEDT-TTF)2KHg(SCN)4 and α-(BEDT-TTF)2NH4Hg(SCN)4 were
prepared by standard electrochemical techniques [4]. Gold pads were evaporated to a depth
of 100 nm upon the faces of the samples corresponding to the crystallineac planes. Silver-
loaded epoxy was then used to bond 25µm diameter gold wires to these pads.

The samples were (successively) mounted in a non-magnetic clamp pressure cell so that
their conductingac planes were perpendicular to the magnetic field. Petroleum spirit was
employed as the pressure medium and pressure was applied at room temperature using a
hydraulic press. The pressure cell was then mounted in a custom built3He cryostat which
allowed temperatures as low as∼0.7 K to be reached. The cell was radiatively cooled from
room temperature to 77 K over a 12 h period, in order to ensure that the pressure applied
to the sample remained hydrostatic, after which the pressure in the cell was measured. This
was achieved via a four-wire measurement of the resistance of a manganin pressure gauge
adjacent to the sample within the cell that had a well characterized temperature and pressure
dependence. Further cooling to 4.2 K then occurred, over a∼3 h duration, after which the
pressure was measured again. Throughout the experiment the pressure values measured at
77 K were found to be consistent with those measured at 4.2 K. The mechanical strength
of the cell limited the maximum pressure attainable to 15 kbar at 4.2 K.

Measurements were made of the magnetoresistance of the samples in fields of up to
16 T using standard four-wire a.c. (131 Hz) techniques. Currents of 10µA were directed in
the (interplanar) crystallineb∗-axis direction (perpendicular to theac planes). The ambient
pressure measurements were carried out using the same apparatus, after the measurements
under pressure, with the petroleum spirit removed from the cell.



The low-temperature phase ofα-(BEDT-TTF)2KHg(SCN)4: II 10379

3. Experimental data

3.1. Magnetoresistance ofα-(BEDT-TTF)2KHg(SCN)4

Measurements of the quantum oscillations occurring in the magnetoresistance of
α-(BEDT-TTF)2KHg(SCN)4 at ambient pressure were found to be the same as those
reported in paper I, with theα, β, λ, µ and ν frequencies described in that
paper all observable at appropriate temperatures. Figure 1 shows the effect on the
magnetoresistance ofα-(BEDT-TTF)2KHg(SCN)4 of applying pressure. The large hump
in the background magnetoresistance that occurs at ambient pressure is rapidly suppressed
and the magnetoresistance tends towards linearity at the highest pressures.

Figure 1. Pressure dependence of the magnetoresistance ofα-(BEDT-TTF)2KHg(SCN)4 at
0.7 K.

The development of the waveform of the quantum oscillations with pressure is shown in
figure 2, where the non-oscillatory contribution to the magnetoresistance has been removed
via division by a polynomial fit to the background magnetoresistance. The SdH oscillations
at 1 bar are dominated by theα frequency (∼671 T), which exhibits a large second-
harmonic content that has been often been attributed to spin-splitting [8, 15]. Upon the
application of 2.7 kbar of pressure this component of the waveform is removed. As the
pressure is increased to 6.1 kbar it remains absent from the data but a marked increase in
the fundamental amplitude of theα-frequency oscillations is evident. Further pressurization
of the crystal causes a reduction in the amplitude of the oscillations and the progressive
recovery of the second-harmonic content of the waveform.

Fourier transforms of the oscillations occurring between 10–15 T and at 0.7 K are
presented in figure 3 for three pressures. The relative amplitudes of the second-harmonic
(2α) peak to the fundamental (α) peak at the various pressures reflects the observations
made in figure 2. Note that at 14.6 kbar the second-harmonic (2α) Fourier transform peak
is twice the size of the fundamental (α) peak. In addition, Fourier analysis shows that the
λ, µ and ν frequencies are all strongly suppressed by pressure and are only observed in
the ambient pressure data. Theβ frequency, however, remains resolvable in all of our data
with the exception of those recorded at 6.1 kbar.
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Figure 2. Pressure dependence of the SdH waveform at 0.7 K (the non-oscillatory background
magnetoresistance has been removed).

Both theα and β frequencies were found to increase linearly with pressure. Theα

frequency changes from 671 T at ambient pressure to 856 T at 14.6 kbar (a mean rate of
∼12.7 T kbar−1), while theβ frequency increases from 4270 T to 4515 T over the same
interval (a rate of∼16.3 T kbar−1).

The effective masses associated with theα frequency and its second harmonic were
measured as a function of pressure by application of the Lifshitz–Kosevich (LK) formula
[16] to the temperature dependence of the quantum oscillations. As mentioned in paper I,
the precise physical significance of the effective mass obtained from LK analysis of the SdH
oscillations in theα-phase BEDT-TTF salts is uncertain; however, they allow comparisons
to be made between different experiments. The massm∗

α associated with theα-frequency
fundamental was found to decrease from(2.0±0.1)me at ambient pressure to(1.3±0.1)me

at 14.6 kbar as shown in figure 4(a) (square data points) while the mass associated with
the second harmonic was approximately pressure independent at(2.8 ± 0.4)me (triangular
points). It is noted that the ambient pressure effective mass obtained from LK analysis of
the α-frequency dHvA oscillations in this material was found to be(1.46± 0.1)me. The
difference between this mass and that derived from the SdH oscillations is commented upon
in paper I, where it was implied that the value ofm∗

α obtained in dHvA measurements is
possibly more representative of the true effective mass in this material than that derived
from SdH measurements.

Assuming this to be the case, then it is interesting to compare the effective mass
obtained in dHvA experiments to that which has been measured in cyclotron resonance
experiments. A number of cyclotron resonance experiments have now been carried
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Figure 3. Fourier transforms of the data of figure 2 at 1 bar, 2.7 kbar and 14.6 kbar.

out on theα-(BEDT-TTF)2MHg(SCN)4 (M = K, Tl and NH4) salts and have yielded
dynamical masses close to a value ofm∗

CR ≈ 1.35me [17–19]. The effective mass
obtained in the dHvA measurements of paper I givesm∗

α = (1.4 ± 0.1)me in the SDW
regime of α-(BEDT-TTF)2KHg(SCN)4, with masses generally in the range 1.4–1.5me

now having been obtained in dHvA and SdH experiments in the SDW wave states of
the α-(BEDT-TTF)2MHg(SCN)4 salts with M = K [7, 14, 20, 21], Tl [22] and Rb [12].
The dynamical massm∗

CR measured in cyclotron resonance experiments is, according to
the theory of Kohn [23], independent of quasiparticle interactions and is representative of
the band mass renormalized only by electron–phonon interactions. In contrast, the masses
derived by LK analysis of SdH and dHvA oscillations should be additionally influenced
by electron–electron interactions. It is seen that the massmα has almost the same value
as m∗

CR and that a difference between these masses cannot be distinguished within the
experimental errors of the measurements. Hence, it appears that the effective mass measured
in the SDW states of theα-phase salts may not be significantly renormalized over the
m∗

CR value. However, masses derived from the amplitude of the quantum oscillations in
circumstances where SDW states are not thought to exist generally give larger values ofmα.
The effective mass derived from dHvA oscillations above the field-induced kink transition
in α-(BEDT-TTF)2KHg(SCN)4 has been measured asmα = (2.7 ± 0.1)me [7] while in
α-(BEDT-TTF)2NH4Hg(SCN)4 m∗

α has been measured to have a value of∼2.5–2.7me

([6, 24] and this work). This may indicate that the effects of quasiparticle interactions are
suppressed within the SDW state.
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Figure 4. (a) Pressure dependence of the effective mass of theα frequency
in α-(BEDT-TTF)2KHg(SCN)4 (square symbols) and its second harmonic (triangles).
(b) Pressure dependence of the effective mass of the fundamental series of oscillations in
α-(BEDT-TTF)2NH4Hg(SCN)4.

3.2. Magnetoresistance ofα-(BEDT-TTF)2NH4Hg(SCN)4

Figure 5 shows the field dependence at 0.7 K of the magnetoresistance of
α-(BEDT-TTF)2NH4Hg(SCN)4, at a number of pressures. The superconducting transition
is rapidly suppressed by pressure, with the transition to the superconducting state already
incomplete at 0.8 kbar. As was the case inα-(BEDT-TTF)2KHg(SCN)4, the background
magnetoresistance drops in magnitude and becomes progressively more linear as pressure
is applied.

The ambient pressure quantum oscillations in this sample consisted of a single frequency
measured as 576± 2 T, which we associate with the hole pocket of the Fermi surface
predicted by band-structure calculations. No frequencies analogous to theβ, λ, µ or
ν frequencies seen inα-(BEDT-TTF)2KHg(SCN)4 were detected and no large second-
harmonic component of theα frequency was present in the ambient pressure data.
It has been established [6] that the fundamental frequency of the SdH oscillations in
α-(BEDT-TTF)2NH4Hg(SCN)4 is (567± 1) T, implying that the crystallineac planes
of our sample may have been tilted by as much as∼10◦ relative to the magnetic field.
In what follows, we have not introduced any correction factor into the analysis of our
α-(BEDT-TTF)2NH4Hg(SCN)4 data in order to compensate for this difference; in any case
such a correction will only be very small and probably similar in size to the experimental
errors.
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Figure 5. Pressure dependence of the magnetoresistance ofα-(BEDT-TTF)2NH4Hg(SCN)4 at
0.7 K.

The application of pressure to the sample caused the frequency of theα oscillations to
increase at a rate of∼17.8 T kbar−1 reaching 840 T at 14.8 kbar. In addition, in the pressure
range 0.8–8.7 kbar the magnetoresistance exhibited a low-frequency oscillation, a feature
shared by the data of Klepperet al [25]. Due to the weak amplitude and long period of
these oscillations it could not be determined whether or not they were periodic in reciprocal
field. However, if it is assumed that they are quantum oscillations, their frequency would
be ∼20–30 T.

However, perhaps the most remarkable feature of these data is the observation
of a double-peak structure in the waveform in the SdH oscillations at 14.8 kbar
and 0.7 K (figure 6(a)). This phenomenon has not previously been observed in
α-(BEDT-TTF)2NH4Hg(SCN)4 and has always rather been associated with the presence
of the SDW state inα-(BEDT-TTF)2KHg(SCN)4.

The effective mass of theα-frequency SdH oscillations was measured to be(2.7±0.1)me

at ambient pressure. This undergoes a sharp drop to(2.3 ± 0.1)me by 0.8 kbar,
coincident with the suppression by pressure of the superconducting state, and then gradually
decreases with applied pressure, reaching(1.6 ± 0.1)me at 14.8 kbar (figure 4(b)).
An earlier experiment [12] found a similar rapid decrease in the effective mass of
α-(BEDT-TTF)2NH4Hg(SCN)4 with pressure as the superconductivity was simultaneously
suppressed. This type of correlation between the effective mass and the superconducting
critical temperature,Tc, as a function of hydrostatic pressure has also been observed
in κ-(BEDT-TTF)2Cu(NCS)2 [26]. In that case the larger effective masses measured
when superconductivity was present in the sample were proposed to result from strong
quasiparticle interactions within the material. These interactions tend to be strongly
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Figure 6. (a) Spin-splitting on the SdH waveform ofα-(BEDT-TTF)2NH4Hg(SCN)4 at
14.8 kbar and 0.7 K (the non-oscillatory background magnetoresistance has been removed).
(b) Fourier transform of the SdH waveform from 12–15 T.

dependent upon bandwidth and so are suppressed when applied pressure forces the BEDT-
TTF molecules closer together, hence broadening the bands. An experiment employing the
use of uniaxial stress rather than hydrostatic pressure [27] has shown that superconductivity
can be induced inα-(BEDT-TTF)2KHg(SCN)4. In that case the uniaxial stress causes the
spacing of the molecules within the BEDT-TTF layer to increase via Poisson’s effect and
an increase in the effective mass is observed as superconductivity is induced.

4. Discussion

4.1. Pressure dependence of the phase boundary of the SDW state in
α-(BEDT-TTF)2KHg(SCN)4

Many of the proposals [8, 9, 15, 29] made to account for the large second-harmonic content
of the α-frequency SdH oscillation series observed in the low-field, low-temperature phase
of α-(BEDT-TTF)2KHg(SCN)4 have explained it as a direct consequence of the presence
of an SDW which is thought to exist in that region of the phase diagram. The observation
of this characteristic waveform in ourα-(BEDT-TTF)2KHg(SCN)4 data at pressures higher
than Pc ∼ 5 kbar (the pressure at which it has been suggested that the SDW state is
destroyed [12–14]) and also in ourα-(BEDT-TTF)2NH4Hg(SCN)4 data (where no SDW
state is thought to be present) at 14.8 kbar suggests that this assertion may be incorrect.
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The origins of the second-harmonic component of the SdH oscillations will be discussed
further in the next section but first it is useful to review the other features observed in the
magnetoresistance ofα-(BEDT-TTF)2KHg(SCN)4 that have led to the proposal that the
SDW state is suppressed atPc ∼ 5 kbar.

This evidence includes the observations that: (1) the large hump in the background
magnetoresistance is suppressed by pressure and the magnetoresistance becomes linear [13];
(2) the point of inflection in zero-field cooling curves, which has been proposed to represent
the onset of the SDW state at temperatureTN , decreases with increasing pressure [13, 31];
(3) the AMROs change in character from the Q1D form, commonly associated with the
reconstructed Fermi surface, to the Q2D form found above the kink transition [14]; (4) theλ,
µ andν series of quantum oscillations are not observable at high pressures (P >∼ 2.5 kbar).

This collection of observations clearly demonstrates that a significant change in the
Fermi surface topology ofα-(BEDT-TTF)2KHg(SCN)4 is taking place as the pressure
applied to it is increased throughPc. However, it is not obvious that this changing behaviour
represents the removal of the SDW state. We note that, according to the recent theory of
Blundell and Singleton [32], the features listed above can be explained as due to the presence
of the strongly corrugated Q1D sections of Fermi surface that are proposed to form in the
reconstructed Fermi surface of the SDW state from the remnants of the Q2D hole pocket of
the unnested Fermi surface [10]. In [32] it has been shown that Fermi surface sheets that
possess high harmonic components of their warping give rise to the deep resistivity minima
seen in the AMROs of the low-field, low-temperature phase ofα-(BEDT-TTF)2KHg(SCN)4

and also account for the change in the form of the magnetoresistance between being
‘sublinear’ in the AMRO minima to having a ‘superlinear’ form in the AMRO maxima,
in the field region below the kink transition [29]. For this reason it is possible that the
suppression of features such as (1) and (3) listed above may not be reliable indicators of the
point at which the SDW is removed in this material. Instead they may only indicate that the
strongly warped sections of Q1D Fermi surface are being destroyed by the application of
pressure. This latter suggestion does not necessitate a phase transition out of the SDW state
but merely an improvement in the nesting of this state such that the strongly warped Q1D
Fermi surface sheets disappear leaving a Fermi surface topology that is instead dominated
by the Q2D closed sections. Point (2) mentioned above might be accounted for on this
basis if it is assumed that it corresponds to a change in the nesting vector within the SDW
state rather than the boundary of that phase. Also, as explained in paper I, theλ and
ν oscillations in the magnetoresistance are interpreted as arising from the Stark quantum
interference mechanism [16], involving the Q1D Fermi surface sections while theµ series
of oscillations has been interpreted as originating from a closed Fermi surface section that
occurs due to imperfect nesting of the Q1D sections of the unreconstructed Fermi surface.
The observation (point (4) above) that these frequencies are removed by the application of
pressure is thus consistent with the suggestion that pressure removes the Q1D Fermi surface
sections.

The change at high pressure (P & 5 kbar) to a Fermi surface characterized by the
closed Q2D Fermi surface sections is most clearly exhibited by the high-pressure AMRO
experiment of Hanasakiet al [14] in which the shape of the closed pocket that exists
at high pressure has been derived and found to be similar in shape and orientation
to that which has been observed in the high-field and high-temperature regions of the
α-(BEDT-TTF)2KHg(SCN)4 phase diagram [11]. In addition to the AMROs associated
with this closed Fermi surface pocket, Hanasakiet al [14] have also observed weak features
in the AMROs, forP > Pc, which they have attributed to the presence of Q1D sections of
Fermi surface aligned along thec∗-axis direction. This is the direction in which the Q1D
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Fermi sheets of the unnested Fermi surface run [4] and if the interpretation of these features
were correct this might constitute good evidence for the removal of the SDW state atPc.
However, any such Q1D minima occurring in AMROs associated with the unreconstructed
Fermi surface ofα-(BEDT-TTF)2KHg(SCN)4 should have a periodicity in the tangent of
the tilt angle of approximatelyb/c when the AMRO is measured with the rotation of the
magnetic field in the plane of the sheets, whereb andc are the magnitudes of the real space
crystal lattice vectorsb andc in the absence of any magnetic superlattice [32]. The ratiob/c

is thus expected to take the value∼2.1 while the features in the data of Hanasakiet al [14]
yield a value of 0.48, implying that these minima are not a result of Fermi surface sheets of
the unreconstructed Fermi surface. Furthermore, the theory of Blundell and Singleton [32]
predicts that the Q1D Fermi surface sheets of the unreconstructed Fermi surface, even if they
are present, should not be observable in the AMROs since they are onlyweaklywarped. In
the semiclassical model of the Q1D AMROs [32] it is essential that the Q1D Fermi surface
sections must have a high harmonic content to their warping in order to exhibit a significant
AMRO effect. In the reconstructed Fermi surface this requirement is fulfilled because the
Q1D sheets are the remnants of the cylindrical hole pockets of the unnested Fermi surface
and thus contain strong cusps [10]. If, however, nesting has not occurred then the Q1D
sections should be too smooth to give measurable minima in the AMRO. This explains the
absence of any observable Q1D AMRO in theα-(BEDT-TTF)2NH4Hg(SCN)4 salt which
has a similar Fermi surface to the unreconstructedα-(BEDT-TTF)2KHg(SCN)4 salt [11].

One further point of consideration regarding the possibility of a phase transition atPc is
the behaviour of the effective mass associated with theα-frequency SdH oscillations,mα.
As has been commented upon in section 3.1, this parameter seems to take a value close to
that of the cyclotron massm∗

CR in the presence of an SDW while having a much higher
mass upon removal of this state. It is noted thatm∗

α does not increase atPc but remains
close to the value ofm∗

CR, possibly indicating that the SDW state has not been destroyed.
In conclusion then we suggest that on the grounds of the experimental data which we

have reviewed in this section the question of whether the SDW state is destroyed atPc or
not remains an open one. What can, however, be stated with certainty is that the strongly
corrugated Q1D Fermi surface sections that exist within the low-field, low-temperature
phase of this salt are removed abovePc either by destruction of the SDW state or by a
change in the nesting properties of that state. We shall now continue by discussing features
of our data such as the strong second-harmonic content of theα-frequency SdH oscillations
and the observation of theβ frequency within this context.

4.2. Second-harmonic content of theα frequency inα-(BEDT-TTF)2KHg(SCN)4

The origin of the large second-harmonic component of the waveform of theα-frequency
SdH oscillations inα-(BEDT-TTF)2KHg(SCN)4 has been the subject of some controversy
in recent years. The proposals that have been made to explain this phenomenon fall broadly
into two categories, one of which is that the waveform is actually due to the superposition
of two series of oscillations from different extremal orbits on the Fermi surface [28, 29]
and the other being that only a single extremal Fermi surface orbit is involved but that
the SdH oscillations from this orbit exhibit (exchange-enhanced) Zeeman spin-splitting
[8, 9, 15, 21, 30].

Prior to the present work a double-peak structure in the waveform of the raw data of
the α SdH frequency had only been observed to occur in the ambient pressure SDW state
of the α-(BEDT-TTF)2MHg(SCN)4 salts with M = K, Rb and Tl. If it is supposed that
this large second-harmonic component of the oscillations is caused by spin-splitting then



The low-temperature phase ofα-(BEDT-TTF)2KHg(SCN)4: II 10387

in general it should become progressively better resolved with increasing field. However,
in the case of these salts the splitting of the oscillations is removed when they are driven
through their kink transitions into their ‘normal’ metallic high-field states (B > BK ) [7–9].
For this reason most explanations of the splitting effect have postulated that a SDW state
is essential for its observation [8, 9, 15, 29]. The observation of strong splitting of theα-
frequency SdH at pressures in excess of∼9.25 kbar (well above the pressure at which it
has been proposed that the SDW state is destroyed,Pc ∼ 5 kbar [12–14]) therefore implies
that this cannot, however, be the case. If the SDW state is removed for pressures in excess
of Pc then obviously the splitting of theα frequency cannot be accounted for as a feature of
the SDW state. If instead it is assumed that the SDW state persists to the highest pressures
that we have measured (∼15 kbar) then the splitting effect must be varying within that state
such that it disappears around 5 kbar, only to return upon application of higher pressures.
In either of these two scenarios it is clear that the presence of a strong second-harmonic
content of theα-frequency SdH is not due to the existence of the SDW. Bearing this in
mind we shall now discuss some of the findings of the previous descriptions of this splitting
phenomenon.

One of the most detailed treatments of this effect is that of Sasaki and Toyota who studied
the ratio,δ/1, of the separations of adjacent peaks in the SdH and dHvA oscillations, in
a reciprocal field, which they assigned to spin-splitting (δ) and alternate dips which they
attributed to Landau level splitting (1), as a function of both field and tilt angle [15].
This led them to propose that the large second-harmonic content of the oscillations was
due to exchange-enhanced spin-splitting which could be described by introducing a field-
dependent effectiveg factor. This method relies upon the assumption that minima in the
quantum oscillations (as measured in reciprocal field) correspond directly to the positions
of levels in the energy spectrum.

We have attempted to apply this analysis method to our ambient pressure SdH and
dHvA data of paper I but have found that it is flawed in a number of respects. Firstly, such
analysis should not be attempted on data where the separate peak positions are not well
resolved. In particular, oscillations where the spin-splitting appears as a point of inflection
in the waveform rather than as two separate peaks cannot be analysed by this method. We
note that in the dHvA trace and the SdH data taken at tilt angles greater than∼10◦, in
[15], the peak positions are not well resolved, resulting in large scatter of theδ/1 values.
Secondly, if there are quantum oscillatory frequencies present in the data other than the
series responsible for the spin-splitting then this will lead to additional modifications of the
peak positions.

Attempts at analysis of our data using the method of [15] clearly confirm this last point.
Our SdH data recorded atθ = 0◦ shows thatδ/1 oscillates between values of∼0.47–0.53,
with a period of (105± 7) T. It is clear that this corresponds to the difference between
the µ and α SdH oscillation frequencies. This behaviour is clearly seen on the raw data
of figure 1(a) of paper I where it is seen that the spin-splitting effect appears to be largest
in the beat minima of the oscillations but substantially reduced in the beat maxima. Thus
the presence of any significant amount ofµ frequency in the data will render this analysis
method useless.

Sasaki and Toyota [15] also studiedδ/1 as a function of tilt angle,θ , to the magnetic
field. Assuming an exchange field,Hex = 5.19 T (defined asHex = 1E/mB , where
1E is the energy by which the Zeeman spin-splitting is enhanced via the exchange
interaction andµB is the Bohr magneton), ag factor of g = 1.83 and writing the effective
mass asm∗ = 1.4me/ cosθ (so as to take account of the fact that the Landau level
separation is determined only by the component of field directed along theb∗ direction),
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they obtained the equationδ/1 = 1 − (1.56/ cosθ) to describe the angular dependence
of the ratio of the spin to Landau level splitting. If instead it is assumed that there
is no exchange enhancement of the spin-splitting and a field-independentg factor then
equation (3) of [15] givesδ/1 = 2 − (m∗gµB/eh̄ cosθ). Inserting in this equation the
value ofm∗g = 3.07 obtained from the harmonic ratio experiment of Prattet al [9] then it
becomesδ/1 = 1 − (1.535/ cosθ) which is similar to that derived by Sasaki and Toyota
and in good agreement with the angle-dependent data of [15]. We thus conclude that at
present there is not sufficient experimental evidence to substantiate the claims made for a
field-dependentg factor in α-(BEDT-TTF)2KHg(SCN)4.

As mentioned earlier, some workers have attempted to account for the splitting of the
ambient pressureα-frequency oscillations as the superposition of two separate series of
oscillations resulting from different extremal Fermi surface orbits rather than a single spin-
split series [28, 29]. One such model was described in detail by Kang [28] who proposed
that the two components of the oscillations arose from the extremal maximum and minimum
orbits of the warped Fermi surface cylinder from which theα frequency originates. This
model does not account for the removal of the spin-splitting at the kink transition (since
the warped Q2D Fermi cylinder givingα oscillations certainly still exists in the high-field
(B > BK ) state). As first pointed out by Sasaki and Toyota [15], this model fails to explain
the angular dependence ofδ/1 since the two separate frequencies must simultaneously
increase as 1/ cosθ with increasing tilt angle,θ .

A further model of the splitting in terms of the superposition of separate series of
oscillations is that proposed by Athaset al [29], in which it is suggested that domains
exist within the low-temperature, low-field state of theα-(BEDT-TTF)2MHg(SCN)4 salts
with some domains characterized by the nested Fermi surface while others remain in the
unreconstructed form. In this case the splitting is explained as arising from the superposition
of oscillations from theα Fermi surface cylinders of the two types of domain. The criticism
made of the model of Kang applies also to this description of the splitting effect which in
particular cannot account for the suppression and subsequent recovery of the splitting effect
as the pressure on the sample is increased.

In the light of the above discussion, we suggest that the existence of a SDW state is not
a prerequisite for the presence of spin-splitting in the SdH waveform. Instead we suggest
that the size of the spin-splitting is purely dependent upon the values of the effective mass,
m∗ and theg factor,g, both of which will in general have a pressure dependence. High-field
studies of the quantum oscillations inα-(BEDT-TTF)2KHg(SCN)4 have shown that there
is a pronounced change in the effective mass and scattering processes at the field-induced
kink transition [7]. This could account for the removal of the large second-harmonic content
of the α-frequency oscillations in the high-field (B > BK ) state of the ambient pressure
data. The progressive recovery of the spin-splitting on our high-pressure SdH data, observed
above∼9 kbar, is explained by the gradual change in the productm∗g as a function of
pressure. The observation of Athaset al [29] that the spin-splitting appears to vanish in
minima in the Q1D AMROs of the SDW state can also be explained by the spin-splitting
reduction factor in the LK formula changing as a function of tilt angle,θ . This factor has
the form

M1(θ)

M2(θ)
≈ cos[πg∗m∗(θ)/2]

cos[πg∗m∗(θ)]
(1)

where M1(θ) and M2(θ) are the magnitudes of the fundamental and second harmonic
respectively,g∗ is the effectiveg factor andm∗(θ) is the effective mass, assumed to vary
with θ as m∗(θ) = m∗(0)/ cosθ . This leads to a minimum in the ratio of the amplitude
of the second-harmonic amplitude to the first-harmonic amplitude atθ ≈ 35◦ [9]. It was
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suggested that this observation constituted strong evidence for an explanation of the AMRO
effect as resulting from a domain structure within the crystal [29]. We note that the second-
harmonic content of the SdH oscillations in the AMRO minimum presented in [29] is
smaller than in the AMRO maxima but is still obviously present on the raw data trace and
its Fourier transform. Neither is any evidence presented for suppression of the spin-splitting
in AMRO minima other than the first minimum. As such this observation cannot be used
as justification for a domain-based model.

It was noted in paper I that the (ambient pressure)µ frequency, although, like theα
oscillations, originating from a closed Q2D Fermi surface pocket, does not exhibit spin-
splitting of its waveform. This observation can be accounted for on the basis that this pocket
is characterized by a different effective mass to theα frequency (see table 1 of paper I).

4.3. Theβ frequency

The high-frequency (∼4270 T at ambient pressure)β oscillations are the only series other
than theα frequency that are observed in the data up to the highest pressures. The origin
of this frequency is uncertain. In paper I we have suggested that it is a characteristic of the
SDW state. The observation of theβ frequency at high pressures (P > Pc) thus supports
the suggestion made earlier in this paper that the SDW may persist to the highest pressure
that we have measured (∼15 kbar).

As mentioned in section 4.1, many of the features observed in the background
magnetoresistance and the AMROs cannot be correlated with the existence of the SDW
state, since they are only symptomatic of the presence of strongly warped Q1D Fermi
surface sheets. In section 4.2 it has also been shown that the observation of a strong second-
harmonic content in theα-frequency SdH oscillations cannot be linked to the presence of
a SDW either. In contrast, since the existence of theβ frequency is a feature that must
arise from a quite specific Fermi surface configuration, it may well be the case that the
presence/absence of this series of quantum oscillations in the data may be a more reliable
indicator of whether or not the material has adopted a nested Fermi surface.

The first explanation of theβ frequency that was proposed was that of Ujiet al [33] who
attributed it to complete breakdown of the unnested Fermi surface and took the observation
of the β frequency at fields of∼10 T as an indication that the SDW state was completely
removed by this field. Thus, in this case theβ frequency is considered to be a characteristic
of the ‘normal’ metallic state. The absence of any change in the field-dependent ambient
pressure AMROs at∼10 T [8, 11], in contrast to the rather dramatic change at∼23 T
suggests, however, that it is instead at the higher field that the SDW state is removed. As
mentioned in paper I, a recent pulsed field measurement [7] of the dHvA oscillations in
α-(BEDT-TTF)2KHg(SCN)4 that was particularly sensitive to high-frequency oscillations
showed no evidence for aβ oscillation series above the kink field. It thus appears that it
is incorrect to associate theβ frequency with the high-field phase of this salt; rather it is a
product of the reconstructed Fermi surface.

This objection applies equally to the proposal of Athaset al [29] who also assumed
that theβ frequency results from the mechanism put forward by Ujiet al but accounted
for the presence of it below the kink transition by proposing the coexistence of domains
of the material in both the nested and unreconstructed states below the kink transition. As
described in both paper I and the present work, the extension of this model to explain
the AMRO effect and features in the magnetoresistance such as the large second-harmonic
content of the SdH oscillation waveform appears to be inappropriate.

An alternative suggestion that has been made is that theβ orbit might be a mixture of
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harmonics due to orbits in a breakdown network within the SDW state [8]. The absence of
frequencies other than theα and β at high (P > Pc) pressures shows that this cannot be
the case.

As described in paper I, noβ frequency has been observed inα-(BEDT-TTF)2NH4-
Hg(SCN)4 despite the lack of Fermi surface nesting in this salt. If theβ frequency is a
product of breakdown of the unreconstructed Fermi surface then it may be the case that
α-(BEDT-TTF)2NH4Hg(SCN)4, which has a smallerα pocket than the other salts in the
α-(BEDT-TTF)2MHg(SCN)4 family, may possess too large an energy gap between the Q1D
Fermi surface sheets and theα pocket for breakdown to occur.

In the saltκ-(BEDT-TTF)2Cu(NCS)2 it was found that an analogous energy gap was
reduced in size as pressure was applied, leading to dominance of the SdH by the breakdown
orbit at high pressures [26]. It might be hoped that breakdown of the Fermi surface of
α-(BEDT-TTF)2NH4Hg(SCN)4 might be induced similarly by pressure. Also, since in our
α-(BEDT-TTF)2KHg(SCN)4 data the presence of theβ orbit appears to be correlated to the
presence of the spin-split SdH oscillation waveform (we note that the one pressure at which
we could not observe theβ frequency, 6.1 kbar, is also in the region where the spin-splitting
is not apparent on the raw data) it might be hoped that aβ frequency might show up on
the 14.8 kbarα-(BEDT-TTF)2NH4Hg(SCN)4 data where spin-splitting has also appeared.
Figure 6(b) shows a Fourier transform of the 14.8 kbar data of figure 6(a). It is seen that
there are frequency peaks that might be candidates for aβ frequency. These peaks are,
however, too small in amplitude to be confirmed to be SdH peaks and so we attribute them
to background noise in the Fourier transform.

4.4. Low-frequency pressure-induced quantum oscillations

As mentioned in section 3, the magnetoresistance ofα-(BEDT-TTF)2NH4Hg(SCN)4

exhibits a low-frequency oscillation in the pressure range∼0.8–8.9 kbar, similar to that
observed by Klepperet al [25]. This slow oscillation was originally taken to be an indication
of pressure-induced Fermi surface nesting withinα-(BEDT-TTF)2NH4Hg(SCN)4 but more
recently has been interpreted as arising from the warping of theα-frequency Fermi surface
cylinder [12]. However, there is as yet no other experimental evidence to suggest that
pressure-induced nesting occurs inα-(BEDT-TTF)2NH4Hg(SCN)4. It is not clear either
whether this low-frequency oscillation can be attributed to warping of theα-frequency
Fermi surface cylinder. If this were the case it might be expected that the Fourier transform
peak of theα frequency might be split in the manner seen for theµ and β frequencies
on the dHvA data of figure 3(b) of paper I. Additionally, it would be expected to become
progressively more pronounced with pressure as the warping increases, rather than being
removed above∼10 kbar as is observed to be the case. One explanation might be that it
could arise from a small section of the band structure being raised above the Fermi energy
over this pressure range although there is no obvious feature of the calculated band structure
that would lead to this happening [3]. At present a satisfying explanation of this series of
oscillations is not forthcoming.

5. Conclusion

We have observed the persistence of the splitting of the waveform of the SdH oscillations in
α-(BEDT-TTF)2KHg(SCN)4 up to pressures of 14.6 kbar. Evidence for the suggestion that
the SDW state, which is thought to exist at low pressures in this material, is removed at a
critical pressure ofPc ∼ 5 kbar has been discussed in the context of these data. From this
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it has been concluded that the possibility of destruction of the SDW atPc remains an open
question. It is, however, clear that some degree of Fermi surface rearrangement takes place
close toPc, resulting in the removal of the strongly corrugated Q1D Fermi surface sheets
that dominate the character of the magnetoresistance of this salt in the low-temperature,
low-field region of its phase diagram. The removal of these sheets may only be due to an
improvement in the nesting of the SDW state atPc rather than its complete suppression.

We have suggested that the splitting of the SdH oscillation waveform is not intrinsically
linked to the existence of a SDW state and instead results from spin-splitting of the Landau
levels rather than from the superposition of two series of oscillations of equal frequency. The
λ (∼181 T),µ (∼775 T) andν (∼856 T) frequencies that are observed at ambient pressure
(paper I) are removed upon application of pressure. It is believed that these frequencies
result from imperfect nesting of the Q1D Fermi surface sheets of the calculated Fermi
surface and are thus destroyed by the Fermi surface rearrangement that occurs asPc is
approached. The only other frequency to persist to the highest pressures is theβ (∼4270 T,
at ambient pressure) frequency, the origins of which remain unclear. This frequency does,
however, appear to be a feature of the nested Fermi surface and along with the effective
mass may provide the most reliable indication of the existence of a SDW.

Pressures of up to 14.8 kbar have also been applied to the isostructural salt
α-(BEDT-TTF)2NH4Hg(SCN)4, which exhibits only a single SdH oscillation series. At
14.8 kbar the onset of spin-splitting in the waveform of the raw data has been observed
for the first time in this material. No frequency analogous to theβ frequency of
α-(BEDT-TTF)2KHg(SCN)4 is observed in theα-(BEDT-TTF)2NH4Hg(SCN)4 salt.

It is clear that high-pressure studies of the quantum oscillations occurring in the
α-(BEDT-TTF)2MHg(SCN)4 (where M = K, Rb, Tl or NH4) family of salts is an area
of research where further experimental investigation is necessary. In particular more
experiments addressing the nature of theβ frequency inα-(BEDT-TTF)2KHg(SCN)4 are
desirable along with studies of the pressure dependence of the magnetic properties of this
salt, in the hope of resolving the doubts surrounding the changes that take place in the Fermi
surface of this material close toPc.

Acknowledgments

This work is funded by EPSRC and the Royal Society. AH wishes to thank Professor
Mikhail Eremets, Jason Smith and Umar Khan-Cheema for technical assistance in the early
stages of this work. We would also like to thank Professor David Shoenberg and Dr Neil
Harrison for stimulating discussions.

References

[1] House A A, Haworth C J, Caulfield J M, Blundell S J, Honold M M, Singleton J, Hayes W, Springford M,
Kurmoo M and Day P 1996J. Phys.: Condens. Matter8 10 361

[2] Ishiguro T and Yamaji K 1990Organic Superconductors(Berlin: Springer)
Wosnitza J 1996Fermi Surfaces of Low-dimensional Organic Metals and Superconductors(Berlin: Springer)

[3] Mori H, Tanaka S, Oshima M, Saito G, Mori T, Maruyama Y and Inokuchi H 1990Bull. Chem. Soc. Japan
63 2183

[4] Oshima M, Mori H, Saito G and Oshima K 1989Chem. Lett.7 1159
[5] Pratt F L, Sasaki T and Toyota N 1995Phys. Rev. Lett.74 3892
[6] Wosnitza J, Crabtree G W, Wang H H, Geiser U, Williams J M and Carlson K D 1992Phys. Rev.B 45 3018
[7] Harrison N, House A, Deckers I, Caulfield J, Singleton J, Herlach F, Hayes W, Kurmoo M and Day P 1995

Phys. Rev.B 52 5584



10392 A A House et al

[8] Caulfield J, Blundell S J, du Croo de Jongh M S L, Hendriks P T J,Singleton J, Doporto M, Pratt F L,
House A, Perenboom J A A J, Hayes W, Kurmoo M and Day P 1995Phys. Rev.B 51 8325

[9] Pratt F L, Singleton J, Doporto M, Fisher A J, Janssen T J B M, Perenboom J A A J,Kurmoo M, Hayes W
and Day P 1992Phys. Rev.B 45 13 904

[10] Kartsovnik M V, Kovalev A E and Kushch N D 1993J. PhysiqueI 3 1187
[11] House A A, Blundell S J, Honold M M, Singleton J, Perenboom J A A J, Hayes W, Kurmoo M and Day P

1996J. Phys.: Condens. Matter8 8829
[12] Brooks J S, Chen X, Klepper S J, Valfells S, Athas G J, Tanaka Y, Kinoshita T, Kinoshita N, Tokumoto M,

Anzai H and Agosta C C 1995Phys. Rev.B 52 14 457
[13] Kouno T, Osada T, Hasumi M, Kagoshima S, Miura N, Oshima M, Mori H, Nakamura T and Saito G 1993

Synth. Met.56 2425
[14] Hanasaki N, Kagoshima S, Miura N and Saito G 1996J. Phys. Soc. Japan65 1010
[15] Sasaki T and Toyota N 1993Phys. Rev.B 48 11 457
[16] Shoenberg D 1984Magnetic Oscillations in Metals(Cambridge: Cambridge University Press)
[17] Ardavan A, Singleton J, Hayes W, Polissli A, Goy P, Kurmoo M and Day PSynth. Met.in press
[18] Polisski A, Singleton J and Kushch N DSynth. Met.in press
[19] Demishev S V, Semeno A V, Sluchanko N E, Samarin N A, Voskoboinikov I B, Glushkov V V, Singleton J,

Blundell S J, Hill S O, Hayes W, Kartsovnik M V, Kovalev A E, Kurmoo M, Day P and Kushch N D
1996Phys. Rev.B 53 12 794

[20] Brooks J S, Agosta C C, Klepper S J, Tokumoto M, Kinoshita N, Anzai H, Uji S, Aoki H, Perel A S,
Athas G J and Howe D A 1992Phys. Rev. Lett.69 156

[21] Sasaki T, Toyota N, Tokumoto M, Kinoshita N and Anzai H 1990Solid State Commun.75 97
[22] Uji S, Terashima T, Aoki H, Tokumoto M, Kinoshita T, Kinoshita N, Tanaka Y and Anzai H 1994Physica

B 201 479
[23] Kohn W 1961Phys. Rev.123 1242
[24] Doporto M, Pratt F L, Singleton J, Kurmoo M and Hayes W 1992Phys. Rev. Lett.69 991
[25] Klepper S J, Brooks J S, Chen X, Bradaric I, Tokumoto M, Kinoshita N, Tanaka Y and Agosta C C 1993

Phys. Rev.B 48 9913
[26] Caulfield J, Lubczynski W, Pratt F L, Singleton J, Ko D Y K, Hayes W, Kurmoo M and Day P 1994J. Phys.:

Condens. Matter6 2911
[27] Campos C E, Brooks J S, van Bentum P J M, Perenboom J A A J, Klepper S J, Sandhu P S, Valfells S,

Tanaka Y, Kinoshita T, Kinoshita N, Tokumoto M and Anzai H 1995Phys. Rev.B 52 R7014
[28] Kang W 1991Solid State Commun.78 25
[29] Athas G J, Brooks J S, Valfells S, Klepper S J, Tokumoto M, Kinoshita N, Kinoshita T and Tanaka Y 1994

Phys. Rev.B 50 17 713
[30] Tokumoto M, Swanson A G, Brooks J S, Agosta C C, Hannahs S T, Kinoshita N, Anzai H and Anderson J R

1990J. Phys. Soc. Japan59 2324
[31] Schegolev A I, Laukhin V N, Khomenko A G, Kartsovnik M V, Shibaeva R P, Rozenberg L P and

Kovalev A E 1992J. PhysiqueI 2 2123
[32] Blundell S J and Singleton J 1996Phys. Rev.B 53 5609
[33] Uji S, Aoki H, Brooks J S, Perel A S, Athas G J, Klepper S J, Agosta C C, Howe D A, Tokumoto M,

Kinoshita N, Tanaka Y and Anzai H 1993Solid State Commun.88 683


