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Abstract

We report on experimental studies of magnetic quantum oscillations of the interlayer
thermopower in the charge density wave state of the multiband organic conductor o
-(BEDT-TTF),KHg(SCN),. The magnetic field is along the direction perpendicu-
lar to the conducting layers. The interlayer thermopower or Seebeck effect has been
measured in magnetic fields of up to 32 T and temperatures down to 0.5 K. The
thermopower magnetic field dependence was measured at two temperatures 0.5 K
and 4 K. Quantum oscillations observed in thermopower, at fields above 8 T and
temperature 4 K, originate only from the a orbit, whereas at 0.5 K the energy spec-
trum consists of Landau levels of not only the a orbit but also the second harmonic
as obtained from the fast Fourier transform analysis. In addition to the a and 2«
frequencies, the oscillation spectrum reveals existence of a low-frequency peak at
F, = 180 T which was previously observed in both magnetoresistance and magneti-
zation. The behavior of thermopower magnetic quantum oscillations amplitude is
analyzed using the Lifshitz—Kosevich formula, and the influence of different damp-
ing factors such as the temperature, spin splitting, Dingle and magnetic breakdown
factors is studied. In addition, we analyze how the second harmonic of fundamental
a frequency observed at low temperatures in the CDW,, state at field perpendicu-
lar to the conducting layers affects the thermopower quantum oscillations ampli-
tude. At low temperature, we find that on entering the low-field state, the scatter-
ing rate is observed to increase dramatically. We also observe an apparent increase
in the effective mass of first harmonic from mj; = 1.7m,, in the low-field state to
m: = 3.3m,, in the high-field state. For the second harmonic, a constant effective
mass of mj = 3.2m, is estimated above and below the kink field.
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1 Introduction

The ground state of the quasi-two-dimensional organic conductor o-(BEDT-
TTF),KHg(SCN), has emerged as one of the more important fundamental prob-
lems in the area of synthetic metals. This is due to the highly unusual magnetic
field-dependent behavior of the low-temperature ground state which appears
below a transition temperature 7, = 8 K [1, 2]. The Fermi surface (FS) of this salt
contains both a q2D cylinder and a pair of weakly warped open q1D sheets [3, 4].
The q1D and q2D bands are separated by a substantial gap near the Fermi level.
At T, = 8 K, the system undergoes a phase transition from metallic to an insu-
lating charge density wave (CDW) state. The transition into the low-temperature
phase (LTP) is associated with a 2k, nesting instability of the q1D part of the
Fermi surface. Indeed, experiments on the angle-dependent magnetoresistance
oscillations [5—8] have revealed a significant change in the electronic system due
to a periodic potential with the wave vector close to the doubled Fermi wave vec-
tor of the q1D band. It is important that the transition temperature 7, and, there-
fore, the relevant energy gap are much smaller than it is usually met in CDW
materials. This leads to a very strong influence of a magnetic field on electronic
properties, giving rise to numerous anomalies which stimulated high interest to
this compound for over a decade. Although in the CDW phase no quasi-one-
dimensional (q1D) FS sheet should survive, there appear clear angle-dependent
magnetoresistance oscillations (AMRO) similar to the Lebed resonance, which is
characteristic to q1D FS. Also, below T}, and at intermediate magnetic field (B, ~
23 T), there are profound changes in the magnetoresistance which are indicative
of a first-order phase transition in the electronic structure at the so-called kink
transition field, B, [9, 10]. The kink field B, defines the high-field regime where
the zero-field state CDW|; is transformed into the CDW, state with a field-depend-
ent wave vector. This critical field clearly indicates that a magnetic field has a
profound effect on the ground state of this compound.

In o-(BEDT-TTF),KHg(SCN),, de Haas—van Alphen (dHvA) and Shub-
nikov—de Haas (SdH) effects have been extensively studied in a number of arti-
cles at magnetic fields both well above and below the kink transition field B,.
For what concerns the magnetothermopower (thermopower and Nernst effect)
behavior in a-(BEDT-TTF),KHg(SCN),, its magnetic field and angular depend-
ences were experimentally obtained only for temperatures 4 K and 9 K [11, 12].
Although the background thermopower and Nernst effect were studied in detail,
the magnetothermopower-related quantum oscillations have not been analyzed
since at these temperatures they are suppressed due to the strong dependence on
the thermal smearing of the FS. Advantages of thermopower include the zero-
current nature of the measurement, and its sensitivity to band structure, especially
in the case of anisotropic (low-dimensional FS) materials. The thermopower stud-
ies yield information about both the thermodynamic and transport properties of
charge carriers and open new possibilities of studying the electronic structure of
the organic conductors since the thermoelectric effects are significantly more sen-
sitive to the electron energy spectrum than the galvanomagnetic effects.
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Here we report on experimental studies of the magnetic quantum oscillations of
interlayer thermopower in the charge density state of a-(BEDT-TTF),KHg(SCN),
when the temperature gradient is directed along the least-conducting axis in this
material, the b-axis. In addition to the dominant « frequency corresponding to the
large cylindrical Fermi surface predicted by the normal state band structure cal-
culations [3, 4], a new, low frequency A is found in the thermopower which was
previously detected in both the SdH and dHvA spectra. The purpose of the present
paper is to thoroughly investigate the thermopower magnetic quantum oscillations
in the charge density state of the organic conductor a-(EDT-TTF),KHg(SCN), by
performing a detailed investigation of the field dependence of thermopower wave-
form and oscillation amplitude at magnetic fields both well above and below the
kink transition field B,.

2 Experiment

The single-crystal sample in this study was grown using conventional electro-
chemical crystallization techniques and was mounted on a rotating platform with
a precision of a few degrees. Three pairs of Au wires were attached to the sample
along the b-axis on the opposite sides of the ac planes of the sample with carbon
paste for both the resistance and thermopower measurements. The resistance was
measured by a conventional four-probe low-frequency lock-in technique. The usual
experimental setup to measure the thermopower as a function of the magnetic field
strength B and the angle between the field and normal to the layers 6 is presented in
Fig. 1. The sample was positioned between two quartz blocks, which were heated
by sinusoidal heating currents with an oscillation frequency f;, and phase difference
7 /2 to establish a small temperature gradient along the b-axis. The corresponding
temperature gradient (VT) and the thermal electromotive force (emf) with 2f; oscil-
lation frequency were measured for the thermopower or Seebeck signal. A miniature
heater was placed on top of the sample to establish a small temperature gradient
along the b-axis. The temperature gradient, which is found to be field independent,
was set prior to each magnetic field sweep. For experimental inaccuracy to be mini-
mal, which may result from the difference of temperature between the quartz block

Fig. 1 Lead wire configuration

and experimental geometry

for the interlayer thermopower

(Seebeck effect) and Nernst

effect measurements in o

-(BEDT-TTF),KHg(SCN), as

a function of the magnetic field b
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and the sample, the temperature gradient was produced by heating quartz blocks at a
low frequency of 33 mHz. This experimental setup can be also used to measure the
Nernst signal (for example, S, as shown in Fig. 1). For the purpose of our experi-
ment, the thermopower is measured at two temperatures 0.5 K and 4 K in fields up
to 32 T provided by the National High Magnetic Field Laboratory, Tallahassee, with
a temperature gradient and magnetic field along the b-axis (VT || b, B || b) (Fig. 1).
The same setup can be used to measure the thermopower and Nernst effect depend-
ence on the polar angle 6, measured from the b-axis, and azimuthal angle ¢, meas-
ured from the c-axis.

3 Results and Discussion

In general, thermopower contains two components: the background which is sensi-
tive to the FS topology and an oscillatory component which is a manifestation of
the Landau quantization of the closed orbit FS. In the following, we will consider
the magnetic quantum oscillations of thermopower at temperatures 0.5 K and 4 K
in the CDW state of organic conductor a-(BEDT-TTF),KHg(SCN),. Examples of
the oscillatory magnetic thermopower of a-(BEDT-TTF),KHg(SCN),, measured in
static magnetic fields of up to 32 T oriented along the least-conducting axis (b-axis)
at temperatures 0.5 K and 4 K, are shown in Fig. 2. Theoretically obtained curves
describing the thermopower oscillations that arise from the 4, @ and 2a frequen-
cies at 0.5 K (as seen from the fast Fourier transformation (FFT) of the data over
a restricted range of B in Fig. 3a) and from A and « at 4 K (Fig. 3b) are presented
with the experimental curves in Fig. 4. The temperature and magnetic field depend-
ences of the amplitude of observed frequencies in the thermopower quantum oscil-
lations within both low- and high-magnetic field phases are presented in Figs. 5 and
6, respectively.

At low enough temperatures where the condition w7 > 1 (@, being the cyclotron
frequency and 7 is the relaxation time) is satisfied, the quantization of the energy of
electrons whose motion in the plane orthogonal to the magnetic field is finite should
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Fig.2 Examples of experimentally measured magnetic quantum oscillations of interlayer ther-
mopower S°°(B) are shown at a 0.5 K and b 4 K in both low- and high-field phases of a-(BEDT-
TTF),KHg(SCN),. The kink field B, ~ 21 T that defines the high-field regime where the zero-field state
CDW,, is transformed into the CDW, state with a field-dependent wave vector is indicated by a dashed
line (Color figure online)
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Fig. 3 Fast Fourier transformation of the data in Fig. 2 over a restricted range of B: a the field range
is 12-27 T, b the red and blue curves correspond to a field range of 8-15 T and 15-30 T, respectively
(Color figure online)
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Fig.4 Experimentally measured thermopower magnetic quantum oscillations in o-(BEDT-
TTF),KHg(SCN), (blue curves) and theoretically simulated curves based on LK model using the cor-
responding parameters as discussed in the text are presented at a 0.5 K and b 4 K as a function of the
inverse magnetic field 1/B within both low- and high-magnetic field phases. The oscillations in a cor-
related with the low frequency A (purple curve) and a frequency (black thin curve) below the kink field
in the CDW,, phase and a frequency (black thick curve) above the kink field in the CDW, phase are
presented as obtained from the LK theory. The green curve that rather well fits the thermopower wave-
form at fields above B = 26. 5 T corresponds to the combination of the fundamental « frequency and its
second harmonic 2« in the LK model. The oscillations in b are correlated with the a frequency (black
thin curve) and A frequency (purple curve) below the kink field in the CDW, phase. Above the kink field
in the CDW, phase a oscillations (black thick curve) are dominant (Color figure online)

be taken into account. Their states belong to the q2D closed orbits of the FS since
the q1D part of the FS is an open orbit, and therefore does not undergo Landau
quantization in the vicinity of the chemical potential u. This part of the FS therefore
behaves primarily as a carrier reservoir [13] to and from which the carriers can flow
in an attempt to minimize the free energy of the system.

Regular quantum oscillations in thermopower continuously growing with field
are observed above B = 8 T, the threshold field at which the a frequency oscilla-
tions emerge (Fig. 2). The kink field that defines the low-temperature CDW —~CDW,
phase transition is B, ~ 21 T. The thermopower oscillations are more prominent
at low temperatures as with increasing temperature they are suppressed due to the
strong dependence on the thermal smearing of the Fermi surface. At 0.5 K, the
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Fig.5 a Temperature dependence of the first harmonic amplitude (dark blue symbols), second harmonic
(light blue symbols) and A oscillations (black symbols) at 15 T obtained by Fourier analysis of the ther-
mopower data in this work. A fit to the Ry factor gives an effective mass of m} = 1.7m, (black dashed
curve), m; = 1.8m, (purple dashed curve) and m] = 3.2m, (red dashed curve), respectively. b Derived
effective masses of the first harmonic (blue symbols) and second harmonic (red symbols) plotted as a
function of magnetic field (Color figure online)
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Fig. 6 Magnetic field dependence of the measured thermopower oscillation amplitude (blue symbols) in
a-(BEDT-TTF),KHg(SCN), at a 0.5 K and b 4 K. Solid curves are the field dependence of the oscilla-
tion amplitude based on the LK formula. The fitting in both cases is very good with using corresponding
effective mass obtained from Fig. 5 and a Dingle temperature of a T, = 3.5 K for a frequency below the
kink field (black thin curve) and T, = 2.7 K for a frequency above the kink field (black thick curve);
Ty = 3.7 K for 4 frequency below the kink field (purple curve) and T, = 1.5 K for 2a frequency in both
below and above the kink field (red curve). b T, = 0.2 K for a frequency below the kink field (black thin
curve) and T, = 0.5 K for a frequency above the kink field (black thick curve) and T, = 0.5 K for 4 fre-
quency below the kink field (purple curve) (Color figure online)

amplitude of the waveform is strongly damped within the low-magnetic field phase
(CDW,, phase), below B, usually associated with the kink field induced phase tran-
sition (Fig. 2a). At 4 K, a damping in the thermopower oscillation amplitude is seen
not right below the kink field B, but below fields of 15 T when the first harmonic is
significantly attenuated (Fig. 2b).

In the present case, with the FFT analysis of the data in Fig. 2, we find that at T =
0.5 K, the energy spectrum consists of Landau levels of the fundamental « orbit with
frequency F, = 671 T, its second harmonic 2a with frequency F, = 1342 T and the
slow oscillations with frequency F;, = 180 T (Fig. 3a). At T = 4 K, there are only A
and a frequencies (Fig. 3b) that contribute to the thermopower waveform as expected
since the second harmonic 2a, leading to splitting of the fundamental oscillations, was
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found to emerge at temperatures below 2 K [5, 8, 14-17]. A number of articles have
shown that the oscillations of the chemical potential 4 (in this and other 2D materi-
als) invalidates a simplistic analysis of the Shubnikov—de Haas (SdH) and de Haas—van
Alphen (dHvA) oscillation data in terms of the Lifshitz—Kosevich (LK) formula [13,
18]. The reasons for this are twofold. First, the LK formula is suited only to systems
in which the Fermi surface is significantly curved in all three k-spatial dimensions [13,
19]. Second, the oscillations of the chemical potential y significantly perturb the wave-
form of the oscillations so as to cause the amplitude and sign of each of the k >1 har-
monics to depart significantly from those predicted by the LK model [13]. In a-(BEDT-
TTF),KHg(SCN),, quantum oscillations have proved to be especially sensitive to the
kink transition field B, [20]. It was also found that all signatures of a reconstructed
Fermi surface are lost at high magnetic fields [21, 22], the effective mass m* of the
dominant « frequency appears to increase [21, 23-25], while the waveform is display-
ing split maxima at fields below B, [15, 26]. In this work, we show that some of these
trends are apparent in the thermopower oscillation data as well.

It is known that the waveform of the dHVA oscillations is significantly perturbed by
u in the canonical ensemble. In spite of this fact, the underlying sign and phase of the
fundamental frequency (k=1) are the same as those in the grand canonical ensemble
(or equivalently the LK model) for which u is assumed to be constant [13, 19]. In our
data, owing to the absence of a strong harmonic content in the signal, the thermopower
waveform is determined mainly by the fundamental a frequency as the amplitudes of
4 frequency and second harmonic 2a are much smaller than that of the fundamental
(Iess than half of the amplitude of a frequency at 0.5 K while « frequency is the domi-
nant one at 4 K). This is evident from the FFT spectra (Fig. 3) and allows to a degree
of accuracy to neglect the oscillations of the chemical potential ; and use the grand
canonical ensemble or the LK formula to calculate the thermopower waveform as well
as the temperature and field dependence of the amplitude of thermopower oscillations.

The oscillatory part of the thermopower is determined mainly by the oscillatory
dependence on the inverse magnetic field 1/B of the relaxation time z(¢) that results
from the summation over the electron states in the incoming term of the collision inte-
gral [27]. In the Born approximation, for iw, < t., the relaxation time is given by

1 1+ A4,
€)1, M
where the oscillatory part is
1/2 oo k
heB (_1) kSext Y4
4, = <tm> ; R (MRS (ORo (0 Ry () cos ( oy Z)' ?)

Here, 7 is the Planck constant divided by 2z, 7 is the nonoscillatory part of the
relaxation time, ¢, is the interlayer transfer integral, kg is the Boltzmann constant and
Sext 18 the extremal cross section of the Fermi surface by the plane pg = const and m*
is the cyclotron mass. The corresponding spread of the Fermi surface areas due to
temperature will lead to a smearing of the phase, which in turn will reduce the oscil-
lation amplitude. This factor is written as

@ Springer



Journal of Low Temperature Physics

(%)
sinh (kA(’r’nL);f) ®

e

RT(kA) =

where A = 27%kgm,/he ~ 14.96 T/K and m, is the free electron mass. The reduc-
tion in the amplitude from the Zeeman spin splitting is described by the damping
factor Rg(k) = cos(k% g(m*/m,)) where g is the conduction electron g-factor. A
reduced amplitude can also result from the electron scattering on impurities. Deter-
mination of the so-called Dingle factor Ry(k) = exp(—kA(m* /m.)T,/B) provides
information on the purity and crystal quality of a measured sample. In high enough
magnetic fields, it is possible for two conducting bands near a Fermi level to come
close enough to each other for the electrons to tunnel from one band into the other.
This phenomenon is called magnetic breakdown (MB). The change in the bands can
be seen as switching between different orbits on the Fermi surface leading to, e.g., a
change in the cyclotron frequency and the effective mass. The magnetic breakdown
damping factor is expressed as Ry (k) = exp(—kBy /B) where By is the magnetic
breakdown field.

The thermopower is determined by performing a derivative of the density of
states (DoS) over y, and therefore, the amplitude of the oscillations can be written in
the following form

ﬂszT ( m* )1/2 1

3e t.he’ B2

X sin (hk(%—%)),

where F' = u m* /he is the oscillation frequency.

Using eq. (4), we find that in our experiment the thermopower waveform is well
described in the frame of the grand canonical ensemble. A reasonable fit to the
experimental thermopower waveform (with the inverse magnetic field 1 / B) pre-
sented in Fig. 4 is achieved using the experimentally obtained parameters such as
the effective mass, Dingle temperature (or scattering rate) and a magnetic break-
down field of By;z ~ 5 T. The details are discussed below.

At both temperatures, the thermopower oscillations are dominated by the funda-
mental & oscillations which result from the magnetic breakdown. The A oscillations
come from a classical small orbit formed after the Fermi surface reconstruction.
At low fields around 8 T, the amplitudes of the A and a oscillations are compara-
ble. With increasing field, the contribution of the A frequency decreases due to the
enhancement of the a oscillations as a result of increase in the breakdown prob-
ability. Above 17 T, the contribution of the A frequency to the thermopower mag-
netic quantum oscillations diminishes as the MB is strong at fields close to the kink
field B,. This is in a good agreement with previous reports obtained from the SdH
and dHvVA oscillations [28]. The grand canonical ensemble (i.e., the LK model
which assumes a fixed chemical potential) calculation is able to reproduce the

S(b)sc — Z(—1)kka/zRT(kA)Rs(k)RD(k)RMB (k)
k=1

“
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experimentally observed thermopower field dependence in Fig. 4 rather well in both
low- and high-field phases.

In order to reproduce the thermopower waveform from the experiment in the
frame of LK model, one has to estimate effective mass and Dingle temperature (or
scattering rate) of the oscillations observed in the FFT spectrum. Fits of the ther-
mopower oscillation amplitude to the temperature damping factor R, (at constant
magnetic field B) provide the best estimate of the effective mass. In our analysis, all
amplitudes of the quantum oscillations were obtained by Fourier analysis over short
intervals of reciprocal field space with the short data sets. A typical fit is shown
in Fig. 5a at B = 15 T. The derived effective masses of the oscillations analyzed
as a function of magnetic field allow to estimate their values below and above the
kink field (Fig. 5b). We find that the effective mass of a frequency is enhanced as
the magnetic field drives the sample through the kink transition. The effective mass
of first harmonic is obtained by a direct fit to the LK formula and is field depend-
ent, as is the Dingle temperature (see the text). In contrast, the effective mass of the
second harmonic is found to be field independent with the transition between the
phases. We find that at T = 0.5 K, within the CDW, phase m} = 1.7m,, whereas in
the CDW, phase m’ = 3.3m, (Fig. 5b).

For the 4 orbit, observed only in the CDW, phase, we obtain an effective mass of
m’; = 1.8m,. We should note that in our experiment the 4 oscillations effective mass
mj is close in value to the first harmonic effective mass nz; below the kink field,
but the estimate made for m7 has a greater error due to relatively low amplitude of
A oscillations compared to that of the first harmonic. For the second harmonic, a
constant effective mass of m; = 3.2m, is estimated above and below the kink field
(Fig. 5b). We attribute this to the small second harmonic amplitude compared to that
of the fundamental within the low-magnetic field phase. The effective mass of sec-
ond harmonic is around double that of the first harmonic in the CDW,, phase which
is consistent with the LK model. Usually, different values of the effective mass are
obtained in the CDW, phase depending on whether one analyzes SdH or dHvA data
[23]. Some of the values obtained in this work are consistent with those derived
from the SAH data and others with those from dHvA measurements [8, 22-25]. This
is, however, expected since thermopower contains information about both the ther-
modynamic and transport properties of charge carriers.

There have been attempts to explain whether the apparent change in the effec-
tive mass of the a frequency on crossing B, is related to a change in the strength of
the e—ph interactions (since CDW ground states are commonly thought to involve
e—ph interactions rather than e—e interactions), or whether it is an artifact of the
temperature dependence of the condensate. In Reference [29], the authors eliminate
both impurity scattering and magnetic breakdown as dominant mechanisms for the
reduction in the amplitude within the CDW,, phase. It is shown that damping is not
indexed to the harmonics which appears to be the case when the effective volume
of the sample contributing to the dHVA signal is field dependent within the CDW,,
phase. In this work, with thermopower measurements, we find that both mechanisms
play an important role in damping of the waveform below B, but their impact on
damping of each harmonic is different and temperature dependent. In contrast to
the fairly gentle decrease in amplitude observed for the first harmonic in the CDW,,
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phase, the second harmonic shows a more abrupt change as previously find in Refer-
ence [23]. This implies that the amplitude attenuation is indexed to the harmonics.
Furthermore, thermopower quantum oscillations measurements reveal that at low
temperatures split waveform due to spin splitting occurs only at fields B > 26.5 T
in the high-field phase (CDW, phase). At these fields, the waveform is reproduced
rather well as a combination of the oscillations of fundamental a frequency and its
second harmonic 2« in the LK model. This correlates with previous findings that
spin splitting does not occur within the low-magnetic field phase (CDW,, phase)
until the angle between the magnetic field and the normal to the conducting planes is
42° implying that not electron—electron but electron—phonon interactions play a sig-
nificant role in the formation of the charge density wave ground state. We note that
the g-factor for the conduction electrons is a fixed fitting parameter in our model,
g = 1.8. With this and the apparent change in the effective mass of the a frequency,
we find that a single value for the product of the effective mass with the electron
g-factor cannot explain the experimental data deep within both the high-magnetic
field and low-magnetic field phases. This further confirms that the amplitude damp-
ing is indeed indexed to the harmonics.

One of the features of the thermopower technique (in addition to the dHVA
one) is that it allows the determination of scattering rates, z~!, for the charge carri-
ers residing on different parts of the Fermi surface. This is done by measuring the
amplitude of different orbits as a function of magnetic field (Fig. 6) to determine
the Dingle temperature T, = 7/2xkgt. Clearly, at 0.5 K, the second harmonic 2« is
present in both low- and high-field phases but with an amplitude that is roughly two
orders of magnitude smaller than that of the fundamental. We find that the transi-
tion from the CDW, to CDW,, phase is characterized with an increase in the Dingle
temperature T}, or equivalent to an increase in the scattering rate z~'. A number of
groups have already reported an apparent increase in the scattering rate within the
low-magnetic field phase (CDW,, phase) with respect to that within the high mag-
netic field (CDW, phase) [23, 24]. In this work, at T = 0.5 K (Fig. 6a), a Dingle
temperature Ty, of 2.7 K in the CDW, yields a scattering rate of 77! = 2.2 x 10257}
for the first harmonic, while a 7}, of 3.5 K in the CDW/, phase yields a scattering rate
of 77! = 2.9 x 10'2 5!, comparable to those obtained in Reference [23].

Similarly, for the A oscillations, a Dingle temperature of T, = 3.7 K corre-
sponds to 77! =3 x 10'?s~!, whereas for the 2a oscillations a T, = 1.5 K yields
771 = 1.2 % 10"?s7!. The large quasiparticle scattering rate below the kink field is
observed in both the first and second harmonics, indicating that additional quasi-
particle scattering processes come into existence below the kink field compared to
the high-field state; these additional scattering processes are possibly associated
with the formation of the CDW. Our results show that, in the low-field phase, the
first harmonic is much more affected by the impurity scattering than the second har-
monic since the scattering rate for the former is around double that of the latter.

The magnetic breakdown probability has also an influence on the amplitude of
the individual oscillation. Some authors have already attributed the loss of ampli-
tude of the « frequency within the CDW, phase in a-(BEDT-TTF),KHg(SCN), to
the magnetic breakdown effects [25, 30]. Here we analyze the influence of mag-
netic breakdown effect on thermopower oscillations. From the kink field B, ~ 21
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T of the low-temperature CDW —-CDW, phase transition, we find that the energy
gap separating the open and closed parts of the Fermi surface Aqpw ~ ppB; is of
order Acpyw = 3.8 eV. This yields a breakdown field of By ~ 5 T. The magnetic
breakdown definitely contributes to the loss of oscillation amplitude of both fun-
damental and second harmonics within the CDW, phase, but the large scattering
rates obtained at low temperature and given small breakdown field indicate that at
0.5 K the impurity scattering is more prominent in harmonic amplitude reduction
even more for the first harmonic.

At 4 K (Figs. 2b, 4b), the thermopower waveform is determined by the & oscil-
lations without a rapid damping in the amplitude below the kink field. This is
associated with the slight change in the first harmonic effective mass with the
transition from CDW, to CDW,, phase. Indeed, the effective mass of a oscillations
changes from m) = 1.5m, within the CDW, phase to m) = 1.2m, in the CDW,
phase (Fig. 5). A Dingle temperature of T, = 0.2 K below the kink field yields
a scattering rate of 77! = 1.65 x 10" s™!, whereas a T, = 0.5 K above the kink
field corresponds to 7~! = 4 x 10'! s~! (Fig. 6b). For the A frequency, the values
are close to those of a frequency in the CDW,, phase: m’ = 1.2m,, T, = 0.5 K.
We should note that at 4 K the material is in the CDW, phase only within a nar-
row field region of B, 21.1 T < B < 26.5 T, while above 26.5 T it is in the normal
metallic state. Also, the first harmonic is significantly attenuated in fields below
15 T as obtained from the FFT analysis of the thermopower data over the field
range 8—15 T (red curve in Fig. 3b). This might be due to the rapid decrease in
the total thermopower at this temperature below the maximum field B, = 15T
[11]. At 4 K, the scattering rate for the first harmonic is much lower compared to
that at 0.5 K, especially in the low-field phase. This implies that at higher temper-
atures the influence of impurity scattering on amplitude reduction would be much
smaller compared to that at lower temperatures, but on the other hand, the mag-
netic breakdown effect might become significant. In fields above the kink field
B,, the CDW gap is considerably reduced and, given, additionally, a strong MB,
the thermopower behavior should be similar to that in the normal state. However,
our data reveal features which are distinct from the normal metallic properties
but consistent with the CDW scenario. Comparing the thermopower amplitude in
both CDW,, and CDW, phases, one can see that the thermopower in the high-field
state resembles that of the CDW, phase. Indeed, for fields 21.1 T< B <26.5 T the
thermopower amplitude is of the same order in magnitude as in the narrow field
region 15.8 T< B < 18.8 T in the CDW,, phase right below the transition. This,
however, suggest that there is a bigger similarity between the low- and high-field
phases than expected implying that the open FS sheets might still survive in the
CDW, phase. On the other hand, we obtain one value for the first harmonic effec-
tive mass and scattering rate at fields above B,, for the CDW, and normal metallic
phases (and additionally, smaller first harmonic amplitude above B, ). This indi-
cates that the thermopower in the high-field phase should also reflect some of the
properties of the normal metallic state. Such a behavior was previously observed
in the angular dependence of total thermopower of a-(BEDT-TTF),KHg(SCN),
[12]. Thus, here obtained results from the thermopower quantum oscillations
measurements at higher temperatures corroborate and advance previous findings
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on possible FS reconstruction in this organic conductor at fields right above the
kink field By.

4 Conclusions

We report the results of a detailed study of the thermopower waveform and oscil-
lation amplitude field dependence in the charge density wave state of the organic
conductor a-(BEDT-TTF),KHg(SCN), at temperatures 0.5 K and 4 K. The thermo-
power waveform and oscillation amplitude are analyzed below and above the kink
transition field B, ~ 21 T, i.e., in both low-magnetic field phase (CDW) and high-
magnetic field phase (CDW,), by applying the grand canonical ensemble (or LK
model) to investigate the damping of the amplitude due to temperature, impurity
scattering, spin splitting and magnetic breakdown effects. We find that the thermo-
power waveform and amplitude are fairly well reproduced within the model at both
temperatures mostly because the oscillation spectrum is dominated by the funda-
mental a frequency. The low frequency 4 is observed in thermopower oscillations
only in the CDW,, phase, whereas the second harmonic 2« is present in both CDW,
and CDW, phases only at 0.5 K. There is a rapid attenuation of the thermopower
waveform at low temperature below B, in the CDW, phase, while at higher tem-
perature a damping of the amplitude is observed in the CDW, phase. We find that
there is an apparent enhancement of the effective mass of the first harmonic with
the transition from CDW,, to CDW, phase at both temperatures. On the other hand,
we observe an increase in the scattering rate in the CDW,, phase at 0.5 K opposite
of the case of 4 K where the scattering rate is much lower and increases with the
CDW,—-CDW, transition. In addition, the magnetic breakdown effect also reduces
the amplitude, but at low temperature its impact is smaller than that of the impurity
scattering mechanism. On the other hand, at high temperature magnetic breakdown
effect might be significant in the amplitude damping within the CDW,, phase. The
spin splitting of the thermopower oscillations is observed only at low temperatures
and high fields and is well reproduced as a combination of the first and second har-
monics in the LK model. At higher temperature, there is an apparent decrease in
the oscillation amplitude above By, but the results are fitted with one value for the &
frequency effective mass in the CDW, and normal metallic phase. This implies that
there are similarities between both phases. However, in a narrow field range just
above B, the thermopower amplitude is similar in value of that in the CDW,, just
below the B,. This suggests that the high-field phase might reflect the properties of
both CDW,, and metallic states.
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