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Abstract. The magnetoresistance ai-(BEDT-TTF),MHg(SCN)4 (where BEDT-TTF is
bis(ethylenedithio)tetrathiafulvalene and M NHj4 or K) has been studied under pressures

of up to 14.8 kbar and for temperatures down to 0.7 K. Tw&71 T ) and ~4270 T

(B) Shubnikov—de Haas oscillations observed in the ambient pressure magnetoresistance of
«a-(BEDT-TTF),KHg(SCN)4 persist to the highest pressure while the other quantum oscillatory
frequencies are removed under pressure. A strong second-harmonic componentosf the
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 salt(BEDT-TTF),NH4Hg(SCN)4 a similar
pronounced second harmonic of the guantum 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 @aBEDT-TTF),MHg(SCN)4,

where BEDT-TTF is bis(ethylenedithio)tetrathiafulvalene and=MK or NH4 [2]. Despite

the similarity of the crystal structures of these salts they possess markedly different ground
states; superconductivity in the case of=MNH,4 [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 tad\M, 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, theKvVisalt
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 = NH,4 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 Bx ~ 23 T (the so-called ‘kink field’) or by raising the temperature ab@ye~ 8 K

the M = K salt reverts to a behaviour similar to that of thesMNH, 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
«a-(BEDT-TTF)L,KHg(SCN)4 and «-(BEDT-TTF),NH4Hg(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 ofdhghase salts is to be found in [12]. It has
been suggested that the application of pressuee BEDT-TTF),KHg(SCN)4 removes the
SDW state atP. ~ 5 kbar, leading to a reversion to the unnested normal metallic state [12—
14] Fermi surface, similar to that found in(BEDT-TTF),NH4Hg(SCN)4. This proposed
reconstruction of the Fermi surface Bt 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-¢BEDT-TTF),KHg(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 P. may not represent the destruction of the SDW at all. It has also been suggested

that sincex-(BEDT-TTF),NH4Hg(SCN)4 has a unit cell volume of 2018° in contrast to

1997A° for «a-(BEDT-TTF),KHg(SCN),4 it might be possible to induce a density-wave state
in a-(BEDT-TTF),NH4Hg(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 ofu-(BEDT-TTF),KHg(SCN4 and a-(BEDT-TTF),NH4Hg(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 crystallipanes. Silver-

loaded epoxy was then used to bond2% 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 custonfHaileryostat which
allowed temperatures as low a9.7 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, oveBd 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 pfAl@ere directed in
the (interplanar) crystalling*-axis direction (perpendicular to the: 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.
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3. Experimental data

3.1. Magnetoresistance af(BEDT-TTF}KHg(SCN)

Measurements of the quantum oscillations occurring in the magnetoresistance of
a-(BEDT-TTF),KHg(SCN), at ambient pressure were found to be the same as those
reported in paper |, with thex, B8, A, u and v frequencies described in that
paper all observable at appropriate temperatures. Figure 1 shows the effect on the
magnetoresistance of-(BEDT-TTF),KHg(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.

100 T=07K
80
g
g 60
o
8
R
@ 40l 2.7 kbar
14
20
’ 14.6 kbar
o 1 [} L 1 " i i ] I 1 2 1 i 1
0 2 4 6 8 10 12 14

Field (T)

Figure 1. Pressure dependence of the magnetoresistanee(BEDT-TTF),KHg(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 the 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 thefrequency 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
(2x) peak to the fundamentak) peak at the various pressures reflects the observations
made in figure 2. Note that at 14.6 kbar the second-harmonif R2urier transform peak
is twice the size of the fundamentat)(peak. In addition, Fourier analysis shows that the
A, u andv frequencies are all strongly suppressed by pressure and are only observed in
the ambient pressure data. TBdrequency, 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 thew and g frequencies were found to increase linearly with pressure. d’he
frequency changes from 671 T at ambient pressure to 856 T at 14.6 kbar (a mean rate of
~12.7 T kbar?), while the 8 frequency increases from 4270 T to 4515 T over the same
interval (a rate o~16.3 T kbar™).

The effective masses associated with thérequency 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 thex-phase BEDT-TTF salts is uncertain; however, they allow comparisons
to be made between different experiments. The mgssssociated with the-frequency
fundamental was found to decrease fr@0+ 0.1)m, at ambient pressure {d.3+0.1)m,
at 14.6 kbar as shown in figured((square data points) while the mass associated with
the second harmonic was approximately pressure independénBat 0.4)m, (triangular
points). It is noted that the ambient pressure effective mass obtained from LK analysis of
the a-frequency dHVA oscillations in this material was found to (146 &+ 0.1)m,.. The
difference between this mass and that derived from the SdH oscillations is commented upon
in paper |, where it was implied that the value if obtained in dHvVA 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 thea-(BEDT-TTF,MHQ(SCN4 (M = K, Tl and NH,;) salts and have yielded
dynamical masses close to a value mf, ~ 1.35n, [17-19]. The effective mass
obtained in the dHVA measurements of paper | gives= (1.4 &+ 0.1)m, in the SDW
regime of -(BEDT-TTFLKHQ(SCN)4, with masses generally in the range 1.%6#i,

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

The dynamical mass:., 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 mas$ias almost the same value

as mg, 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 the-phase salts may not be significantly renormalized over the
m§ g value. However, masses derived from the amplitude of the quantum oscillations in
circumstances where SDW states are not thought to exist generally give larger vatuges of
The effective mass derived from dHVA oscillations above the field-induced kink transition
in «-(BEDT-TTF)LKHg(SCN)4 has been measured ag, = (2.7 & 0.1)m, [7] while in
a-(BEDT-TTF),NH4Hg(SCN)4, m’ has been measured to have a value~&5-2.7n,

([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 thefrequency

in «-(BEDT-TTF)L,KHQ(SCN)4 (square symbols) and its second harmonic (triangles).
(b) Pressure dependence of the effective mass of the fundamental series of oscillations in
a-(BEDT-TTF)NH4HQ(SCN) 4.

3.2. Magnetoresistance af(BEDT-TTF}NH4Hg(SCN)

Figure 5 shows the field dependence at 0.7 K of the magnetoresistance of
a-(BEDT-TTF),NH4Hg(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 casexi{BEDT-TTF),KHg(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 tg, the © or
v frequencies seen ia-(BEDT-TTF),KHg(SCN), were detected and no large second-
harmonic component of thes frequency was present in the ambient pressure data.

It has been established [6] that the fundamental frequency of the SdH oscillations in
a-(BEDT-TTFLNH4HO(SCN)4 is (5674 1) T, implying that the crystallinezc planes

of our sample may have been tilted by as much~d$r relative to the magnetic field.

In what follows, we have not introduced any correction factor into the analysis of our
a-(BEDT-TTF),NH4Hg(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 magnetoresistanee(BEDT-TTF),NH4Hg(SCN)4 at
0.7 K.

The application of pressure to the sample caused the frequency efdkeillations to
increase at a rate 0f17.8 T kbar ! 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 Kleppet 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 &{)). This phenomenon has not previously been observed in
a-(BEDT-TTF),NH4Hg(SCN)4 and has always rather been associated with the presence
of the SDW state inv-(BEDT-TTF),KHg(SCN),.

The effective mass of the-frequency SdH oscillations was measured t@bé+0.1)m,
at ambient pressure. This undergoes a sharp drog2t® + 0.1)m, by 0.8 kbar,
coincident with the suppression by pressure of the superconducting state, and then gradually
decreases with applied pressure, reach{i + 0.1)m, at 14.8 kbar (figure 4)).

An earlier experiment [12] found a similar rapid decrease in the effective mass of
a-(BEDT-TTF),NH4Hg(SCN)4 with pressure as the superconductivity was simultaneously
suppressed. This type of correlation between the effective mass and the superconducting
critical temperature,T., as a function of hydrostatic pressure has also been observed
in k-(BEDT-TTF),CU(NCS),; [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 af-(BEDT-TTF),NH4Hg(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 i-(BEDT-TTF)L,KHQ(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
a-(BEDT-TTF}KHg(SCN)

Many of the proposals [8, 9, 15, 29] made to account for the large second-harmonic content
of the a-frequency SdH oscillation series observed in the low-field, low-temperature phase
of «-(BEDT-TTFLKHg(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 ow-(BEDT-TTF),KHg(SCN), data at pressures higher

than P, ~ 5 kbar (the pressure at which it has been suggested that the SDW state is
destroyed [12-14]) and also in our(BEDT-TTF),NH4Hg(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 ef-(BEDT-TTF),KHg(SCN)4 that have led to the proposal that the
SDW state is suppressed Bt ~ 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 temperatilixe 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]; (&) the
w andv series of quantum oscillations are not observable at high presstres-(2.5 kbar).

This collection of observations clearly demonstrates that a significant change in the
Fermi surface topology of-(BEDT-TTFLKHQ(SCN), is taking place as the pressure
applied to it is increased through. 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-BEDT-TTF),KHg(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 A, ahé
v oscillations in the magnetoresistance are interpreted as arising from the Stark quantum
interference mechanism [16], involving the Q1D Fermi surface sections whilg teries
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 pressur® (> 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 Hanasaket 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
a-(BEDT-TTF),KHg(SCN)4 phase diagram [11]. In addition to the AMROs associated
with this closed Fermi surface pocket, Hanasetlkal [14] have also observed weak features
in the AMROs, forP > P., which they have attributed to the presence of Q1D sections of
Fermi surface aligned along thé&-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 st&te at
However, any such Q1D minima occurring in AMROs associated with the unreconstructed
Fermi surface otx-(BEDT-TTF)L,KHg(SCN)4 should have a periodicity in the tangent of
the tilt angle of approximately/c when the AMRO is measured with the rotation of the
magnetic field in the plane of the sheets, whiegndc are the magnitudes of the real space
crystal lattice vectord andc in the absence of any magnetic superlattice [32]. The igiio
is thus expected to take the valt.1 while the features in the data of Hanasekal [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 areveaktywarped. 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 th&€BEDT-TTF),NH4Hg(SCN)4 salt which
has a similar Fermi surface to the unreconstruatgEDT-TTF),KHg(SCN), salt [11].

One further point of consideration regarding the possibility of a phase transitiBnigt
the behaviour of the effective mass associated withattieequency SdH oscillationss,, .
As has been commented upon in section 3.1, this parameter seems to take a value close to
that of the cyclotron mass:}., in the presence of an SDW while having a much higher
mass upon removal of this state. It is noted thgjt does not increase &, but remains
close to the value ofif,, 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 destropedmat
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 aboRge 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-frequency SdH oscillations
and the observation of the frequency within this context.

4.2. Second-harmonic content of hadrequency inx-(BEDT-TTF}KHg(SCN)

The origin of the large second-harmonic component of the waveform o#tfiequency

SdH oscillations inx-(BEDT-TTF),KHg(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 @ SdH frequency had only been observed to occur in the ambient pressure SDW state
of the ¢-(BEDT-TTF),MHQ(SCN)4 salts with M= K, Rb and TI. If it is supposed that
this large second-harmonic component of the oscillations is caused by spin-splitting then
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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 stat&=> Bg) [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 af-the
frequency SdH at pressures in excess~&25 kbar (well above the pressure at which it

has been proposed that the SDW state is destraed, 5 kbar [12—14]) therefore implies

that this cannot, however, be the case. If the SDW state is removed for pressures in excess
of P. then obviously the splitting of the 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 thex-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,8/A, of the separations of adjacent peaks in the SdH and dHVA oscillations, in
a reciprocal field, which they assigned to spin-splittiiyy #nd alternate dips which they
attributed to Landau level splittingA(), 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 effectivg factor. This method relies upon the assumption that minima in the
guantum 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 | 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 dHvVA trace and the SdH data taken at tilt angles greater~th@n in
[15], the peak positions are not well resolved, resulting in large scatter df/thevalues.
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 éat= 0° shows thati/A oscillates between values 6f0.47-0.53,
with a period of (105t 7) T. It is clear that this corresponds to the difference between
the u anda SdH oscillation frequencies. This behaviour is clearly seen on the raw data
of figure 1@) of paper | 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,ofrequency in the data will render this analysis
method useless.

Sasaki and Toyota [15] also studiégdA as a function of tilt angleg, to the magnetic
field. Assuming an exchange field/,, = 5.19 T (defined asH., = AE/mp, where
AE is the energy by which the Zeeman spin-splitting is enhanced via the exchange
interaction andup is the Bohr magneton), g factor of ¢ = 1.83 and writing the effective
mass asn* = 1.4m,/cosd (so as to take account of the fact that the Landau level
separation is determined only by the component of field directed along*tlkrection),
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they obtained the equatiody A = 1 — (1.56/ cosf) 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-indepepdfattor then
equation (3) of [15] give$/A = 2 — (m*gup/eh cosd). Inserting in this equation the
value ofm*g = 3.07 obtained from the harmonic ratio experiment of Peathl [9] then it
becomess/A = 1 — (1.535/ cosf) 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-dependeng factor ina-(BEDT-TTF),KHg(SCN)4.

As mentioned earlier, some workers have attempted to account for the splitting of the
ambient pressure-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 thdrequency originates. This
model does not account for the removal of the spin-splitting at the kink transition (since
the warped Q2D Fermi cylinder giving oscillations certainly still exists in the high-field
(B > Bg) state). As first pointed out by Sasaki and Toyota [15], this model fails to explain
the angular dependence &6fA since the two separate frequencies must simultaneously
increase as /Icosh with increasing tilt angled.

A further model of the splitting in terms of the superposition of separate series of
oscillations is that proposed by Athas al [29], in which it is suggested that domains
exist within the low-temperature, low-field state of thgBEDT-TTF),MHg(SCN), 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 thex 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 ér(BEDT-TTF),KHg(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 «-frequency oscillations in the high-fieldB(> Bg) 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 produgt as a function of
pressure. The observation of Athasal [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,This factor has
the form

M) _ coskrg™m*(9)/2] o
My(©)  cosfrg*m*(6)]
where M;(0) and M,(9) are the magnitudes of the fundamental and second harmonic
respectively,g* is the effectiveg factor andm*(0) is the effective mass, assumed to vary
with 6 asm*(0) = m*(0)/cosf. This leads to a minimum in the ratio of the amplitude
of the second-harmonic amplitude to the first-harmonic amplitude =t35° [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 | that the (ambient presswefyequency, although, like the
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 édhizequency (see table 1 of paper I).

4.3. Theg frequency

The high-frequency~4270 T at ambient pressurg)oscillations are the only series other

than thea frequency that are observed in the data up to the highest pressures. The origin
of this frequency is uncertain. In paper | we have suggested that it is a characteristic of the
SDW state. The observation of thefrequency at high pressure® ( P.) 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 the-frequency SdH oscillations cannot be linked to the presence of
a SDW either. In contrast, since the existence of ghirequency 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 thg frequency that was proposed was that of étjal [33] who
attributed it to complete breakdown of the unnested Fermi surface and took the observation
of the B8 frequency at fields of+10 T as an indication that the SDW state was completely
removed by this field. Thus, in this case thdérequency 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~aB T
suggests, however, that it is instead at the higher field that the SDW state is removed. As
mentioned in paper |, a recent pulsed field measurement [7] of the dHVA oscillations in
«a-(BEDT-TTF),KHg(SCN)4 that was particularly sensitive to high-frequency oscillations
showed no evidence for A oscillation series above the kink field. It thus appears that it
is incorrect to associate the 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 Atlsal [29] who also assumed
that theg frequency results from the mechanism put forward by éjial 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 | 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 thas tbebit 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 the and 8 at high (P > P.) pressures shows that this cannot be
the case.

As described in paper I, ng frequency has been observeddABEDT-TTF),NH,-
Hg(SCN), despite the lack of Fermi surface nesting in this salt. If ghérequency is a
product of breakdown of the unreconstructed Fermi surface then it may be the case that
a-(BEDT-TTF)LNH4HQ(SCN)4, which has a smallew pocket than the other salts in the
a-(BEDT-TTFLMHg(SCN)4 family, may possess too large an energy gap between the Q1D
Fermi surface sheets and thepocket for breakdown to occur.

In the salt«-(BEDT-TTF)LCu(NCS), 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
a-(BEDT-TTFLNH4Hg(SCN)4 might be induced similarly by pressure. Also, since in our
a-(BEDT-TTF),KHg(SCN)4 data the presence of tieorbit 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 the frequency, 6.1 kbar, is also in the region where the spin-splitting
is not apparent on the raw data) it might be hoped thAtfeequency might show up on
the 14.8 kbaw-(BEDT-TTF),NH4Hg(SCN), data where spin-splitting has also appeared.
Figure 6¢) shows a Fourier transform of the 14.8 kbar data of figueg.6lt is seen that
there are frequency peaks that might be candidates ferfrequency. 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 magnetoresistancea fBEDT-TTF),NH4Hg(SCN)4

exhibits a low-frequency oscillation in the pressure rang®8-8.9 kbar, similar to that
observed by Kleppest al [25]. This slow oscillation was originally taken to be an indication

of pressure-induced Fermi surface nesting wid(BEDT-TTF),NH4Hg(SCN)4 but more
recently has been interpreted as arising from the warping o&tfrequency Fermi surface
cylinder [12]. However, there is as yet no other experimental evidence to suggest that
pressure-induced nesting occursdABEDT-TTF),NH4Hg(SCN)4. It is not clear either
whether this low-frequency oscillation can be attributed to warping ofatifeequency

Fermi surface cylinder. If this were the case it might be expected that the Fourier transform
peak of thea frequency might be split in the manner seen for theand 8 frequencies

on the dHVA data of figure 3] 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
a-(BEDT-TTF),L,KHg(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 ofP. ~ 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. aémains an open
guestion. It is, however, clear that some degree of Fermi surface rearrangement takes place
close toP,, 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 statePatrather 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
A (~181T),u (~775 T) andv (~856 T) frequencies that are observed at ambient pressure
(paper 1) 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 océurss as
approached. The only other frequency to persist to the highest pressuregisti4a70 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
a-(BEDT-TTF),NH4HQ(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 thefrequency of
a-(BEDT-TTF),L,KHgQ(SCN)4 is observed in the.-(BEDT-TTF)L,NH4Hg(SCN)4 salt.

It is clear that high-pressure studies of the quantum oscillations occurring in the
a-(BEDT-TTFL,MHQ(SCN4 (where M= K, Rb, Tl or NH,;) family of salts is an area
of research where further experimental investigation is necessary. In particular more
experiments addressing the nature of thérequency ina-(BEDT-TTF)L,KHg(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 t8,.
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