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Abstract

Angular, magnetic field and temperature dependence of the interlayer Seebeck effect of the multiband
organic conductor « — (BEDT — TTF),KHg(SCN), is experimentally studied at temperatures down
to 0.55 K and fields up to 31 T in a wide range of angles. The background magnetic field and angular
component of the Seebeck effect as well as the magnetic quantum oscillations that originate from the
closed Fermi surface orbits are analyzed. The background interlayer Seebeck effect components show
that above certain tilt angle of the magnetic field and above the kink field there is another CDW state in
a — (BEDT — TTF),KHg(SCN),, between previously known CDW,and CDW, states, in agreement
with magnetoresistance and magnetization studies in this material. Our observations show that this
state possesses some of the properties of the CDW, state. The Fermi surface in the third CDW state is
still reconstructed but less imperfectly nested as expected as this state develops above the kink field.
The temperature dependence of the interlayer Seebeck effect reveals that this state is developed at
temperatures below 3 K and at field orientations around the second AMRO maximum. In addition,
for the first time, a detailed T — 0 phase diagram of &« — (BEDT — TTF),KHg(SCN), based purely
on Seebeck effect measurements is presented. We find that other states and transitions, beside the
CDW states, also exist in a given temperature and angular range that have not been previously
reported. These observations change the whole picture about the transport processes in the organic
conductor & — (BEDT — TTF),KHg(SCN), and allow to better understand the complex nature of
the CDW order in this and similar compounds.

1. Introduction

The investigation of electron transport phenomena in multilayered organic structures is especially significant
because of their great importance for applied sciences. Conducting organic molecular crystals based on the
BEDT-TTF and TMTSF molecules are novel low-dimensional electronic systems [1]. The family

a — (BEDT — TTF),MHg(SCN)4 [M = K, Rb, T1] are of particular interest because they have a rich phase
diagram and coexisting quasi-one dimensional and quasi-two dimensional Fermi surface (FS) [2, 3]. Metallic,
superconducting, and density wave phases are possible, depending on temperature, pressure, magnetic field,
and anion type [4]. Atambient pressure, the family with M = K, Rb, Tl undergo a transition from a metaltoa
charge density wave (CDW) phase at a temperature Tcpw = 8, 10, and 12 K, respectively caused by the Peierls-
type nesting instability of the open Fermi sheets [5, 6]. On passing through the so-called ‘kink-field’ transition at
B~ 23T (for M = K), the CDW is removed and is replaced by a metallic phase with a FS consisting of a quasi-
two dimensional (q2D) hole cylinder, known as the « pocket, and a pair of quasi-one dimensional (qID)
electronic sheets [7]. The low-dimensional character of the organic conductors leads to important consequences
in their response to a magnetic field. In fact, qualitatively new effects, in particular related to the field orientation,
have been found in these materials [1, 8].
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Figure 1. The experimental setup for the interlayer magnetoresistance and Seebeck effect measurements in the organic conductor
o — (BEDT — TTF),KHg(SCN), as a function of the magnetic field and its orientation. The temperature gradient VT'is along the
less conducting axis, b — axis of the conductor, perpendicular to the Q2D conducting ac plane. The magnetic field B is rotated for
angle 6 from the b-axis to the ac-plane at a fixed azimuthal angle of ¢ = 37° from the c-axis.

The organic compound central to this investigation is still arousing considerable interest due to existence of
multiple field-induced CDW phases [9]. The already existing studies on properties of
« — (BEDT — TTF),KHg(SCN), show that for a field perpendicular to the most conducting plane, its
electronic structure can be separated into three regimes; the normal metallic state, CDW,and CDW, [10, 11].
Each electronic regime of & — (BEDT — TTF),KHg(SCN), is characterized with a specific dependence of the
magnetoresistance with respect to field orientation. At temperatures below the transition temperature T, = 8 K
and kink field Bx ~ 23 T, angular dependent magnetoresistance oscillations with sharp dips similar to those in
some quasi-one dimensional organic conductors [12, 13] are observed. On contrary, at temperatures above T),
and fields above By the angular magnetoresistance oscillations are rather quasi-two dimensional with peaks
periodicin tan 4 [14, 15].

The magnetoresistance and magnetization of the Q2D organic conductor @ — (BEDT — TTF),KHg(SCN), in
the CDW state were studied by many authors (see [5, 8] and references therein). Apart from that, the Seebeck
and Nernst effect in this material have been studied both theoretically and experimentally only in a number of
works [16—18]. However, such studies are of great importance since thermomagnetic phenomena are
significantly more sensitive to the electron energy spectrum of the degenerate conductors than the
galvanomagnetic effects. Therefore, they might give more information about the charge carriers involved in the
transport processes as well as the values of the parameters that shape the FS.

In this paper, we study the low temperature angular and magnetic field dependence of the interlayer Seebeck
effect (or interlayer magnetothermopower) in the ground state of the organic conductor
o — (BEDT — TTF),KHg(SCN),. In addition, we examine the temperature dependence of the Seebeck effect
as a function of magnetic field and its orientation. The most significant results of the present investigation
include: confirmation of previous reports thatin & — (BEDT — TTF),KHg(SCN), there is another low
temperature CDW state at angles above § = 40° and fields above the kink field; first determination of the T — 6
phase diagram of &« — (BEDT — TTF),KHg(SCN), based purely on interlayer Seebeck effect measurements;
the study of the onset of magnetic breakdown effects via the Seebeck effect, and the measurement of quantum
oscillations in the Seebeck effect.

2. Experiment

The single-crystal sample in this study was grown using conventional electrochemical crystallization techniques,
and was mounted on a rotating platform with a precision better than a degree. Two pairs of Au wires were
attached to the sample along the b- axis on the opposite sides of the ac-planes of the sample by carbon paste for
both the resistance and Seebeck effect measurements. The resistance was measured by a conventional 4-probe
low frequency lock-in technique. The sample was positioned between two quartz blocks (figure 1), 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 (V T) and the thermal emf
with 2f; oscillation frequency were measured for the magnetothermopower signal. The method for Seebeck
effect measurements used in this work is detailed elsewhere [19]. The direction of the magnetic field

B = (Bsinf cos ¢, Bsinf sin ¢, B cos #) is measured with respect to polar 6 (b-axis to ac-plane) and fixed
azimuthal angle ¢ = 37° (with respect to c-axis in the ac-plane) as shown in figure 1.
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Figure 2. Angular magnetoresistance oscillationsin « — (BEDT — TTF),KHg(SCN), for several fields: B= 10T, 15T, 21 T and
temperatures: T = 0.55K, 0.57 K, 0.6 K, respectively. The Shubnikov-de Haas quantum oscillations are visible at high fields above
B = 10 T and angles below 60°. The positions of some of the AMRO maxima and minima are indicated by dashed lines.

3. Results and Discussion

Although the organic conductor under consideration is characterized by a complex ground state which is field
and temperature dependent, many aspects of a standard, semi-classical Boltzmann treatment provide a good
explanation of the data without taking into account the unconventional transport mechanisms.

Below a detailed description of the evolution of the Seebeck effect with the magnetic field strength, its
orientation and the temperature in the two-band organic conductor o« — (BEDT — TTF),KHg(SCN)y is
presented with emphasis on its behaviour in the charge density wave state. Along the z — axis the FS is slightly
corrugated as a result of the finite dispersion between the layers perpendicular to the xy — plane. In the
xy — plane the FS consists of open sheets and closed cylindrical parts, from which q1D and q2D behavior of the
electronic system evolves, respectively.

3.1. Angular-dependent oscillations of the magnetoresistance and Seebeck effect

The angular oscillations are characteristic of the kinetic and thermoelectric coefficients of layered organic
conductors and are absent in isotropic metals. They are associated with the charge carriers motion on the
cylindrical closed pockets and quasi-planar sheets of the FS in a tilted magnetic field. As charge carriers move
across the FS under the influence of the magnetic field their component of velocity in a given direction varies as
they drift along the various FS parts so that the total velocity remains perpendicular to the FS at all times. The
periodic oscillations of the transport coefficients emerge when a constant magnetic field is turned from the
direction normal to conducting layers toward the plane of the layers.

In a two-band organic conductor an external magnetic field affects differently the motion of charge carriers
whose states belong to the weakly corrugated cylinder and corrugated plane sheets of the FS. Thus, the presence
of open planar sheets of the FS is most easily revealed in a conductor placed in a magnetic field. Consequently,
the contributions from different conducting channels can be detected and separated more accurately by
studying the magnetothermoelectric effects in such conductors.

3.1.1. Angular magnetoresistance oscillations
Figure 2 shows the angular magnetoresistance oscillations (AMROs) in « — (BEDT — TTF),KHg(SCN), for
several fields: 10 T, 15T, 21 T and temperatures: 0.55 K, 0.57 K, 0.6 K in the CDW|, state. The Shubnikov-de
Haas (SdH) quantum oscillations, associated with Landau quantization of the closed orbit FS are observed
superimposed on the AMROs for higher fields above B= 10 T and at angles below 6 = 60°. The SdH oscillations
are mainly due to the closed « orbit of frequency F,, = 673 T, whichin o« — (BEDT — TTF),KHg(SCN),
emerges above B = 8 T, and are most prominent at high fields above 20 T and angles below 60° as evident in
purple curve in figure 2. The angular constrain for the SdH oscillations is due to the the elongation of the elliptic
o orbit with increasing angle. A series of dips are observed at the so-called Lebed magic angles § = 8,,[1] given by
tan(,)cos(¢p — ¢,) = tan(by) + nAgwhere tan(d,) = 0.5, Ao =1.25,¢p=27andn=0,£1,£2,...in
agreement with earlier experiments.

The appearance of the sharp dips in the AMROs is a confirmation that at low temperatures and below the
kink field the main contribution to the observed angular dependence comes from the electrons belonging on the
open orbits on the Fermi surface. The obvious observation from figure 2 is that the AMRO maxima and minima
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Figure 3. (a) Angular dependence of the total interlayer Seebeck effect, S,.(),in o« — (BEDT — TTF),KHg(SCN), for several fields:
B=10T,23T,26T,30T and temperatures: T = 0.54K, 0.85K, 0.88 K, 0.94 K, respectively. There is a decrease in the amplitude of
the Seebeck effect quantum oscillations for angles above 60° but the oscillations are present in the whole range of angles. (b) The same
curves are presented shifted from each other for more clarity of the evolution of angular quantum oscillations.

slightly shift their angular position towards higher angles with increasing both the magnetic field strength and
temperature.

According to the semiclassical Boltzmann transport theory a similarity between the magnetoresistance and
Seebeck effect should be expected as the interlayer Seebeck effect S, is a product of the interlayer resistivity p,,
and the corresponding thermoelectric coefficient o, S, = p..v,,, with the interlayer thermoelectric coefficient

7TkB

. T
obtained by the Mott formula o, = dU” © —=—|.—,;» where j1is the chemical potential of the electron system

3e
and o,,(¢) is the energy-dependent interlayer electrlcal conductivity. This allows to further analyze the angular

behavior of the Seebeck effect on the base of the semiclassical description of the transport.

3.1.2. Angular oscillations of the interlayer Seebeck effect
Figure 3 shows the angular dependence of the total interlayer Seebeck effectin & — (BEDT — TTF),KHg(SCN),
for several fields: B= 10T, 23 T, 26 T, 30 T and temperatures: T = 0.54 K, 0.85K, 0.88 K, 0.94 K, respectively.
The interlayer Seebeck effect shows rather complex angular behavior atlow temperatures in the CDW state
compared to that at higher temperatures, for example at 4 K, previously studied in [18]. In comparison, there are
pronounced angular quantum oscillations at low temperature that are not seen at higher temperature due to the
thermal smearing of the FS with increasing temperature. In addition, at low temperatures, the angular quantum
oscillations of the interlayer Seebeck effect are present in the whole angular range and fields B > 10 T compared
to those of the interlayer magnetoresistance (figure 2) which are observed up to a certain angle of approximately
60° and only at high fields. The amplitude of the Seebeck effect quantum oscillations decreases above 60° and
fields above the kink field B but are still present. The observed suppression of the quantum oscillations is
associated not only with the elongation of the closed «v orbits with increasing angle but also with the existence of
different field-induced phasesin & — (BEDT — TTF),KHg(SCN), depending on the field strength and tilt
angle. In regards to that, in order to analyze the angular behavior of the interlayer Seebeck effect in
a — (BEDT — TTF),KHg(SCN), properly we relate it with the corresponding CDW state and in correlation
with the interlayer magnetoresistance behaviour. Additionally, we are also studying the behavior of the
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Figure 4. Angular dependence of the background interlayer Seebeck effect, S2(6),in @ — (BEDT — TTF),KHg(SCN), obtained
after filtering out the quantum oscillations component at the same fields and temperatures as in figure 3. The expected general trend is
decreasing of the Seebeck effect with increasing angle but at low temperatures the Seebeck effect exhibits a rather complex behaviour
very different than that observed at high temperatures. The mid-angle positions of the resonant-like features in the angular Seebeck
effect coinciding with the locations of the AMRO maxima and minima are indicated by dashed lines.

interlayer Seebeck effect with magnetic field and temperature to reveal the boundaries of existence of each of the
different CDW states in this organic conductor for more accurate presentation and analysis of the experimental
results as well as for determination of the phase diagram. In reference to that, we present in figure 4 the angular
dependence of the background interlayer Seebeck effect which is more sensitive to the Fermi surface topology
than the quantum oscillation component and hence determines the main angular behavior of the Seebeck effect.

The background Seebeck effectin @ — (BEDT — TTF),KHg(SCN)y, is an oscillating function of the angle
and should decrease with increasing angle due to the decrease of the induced longitudinal voltage with the
rotation of the field away from the b — axis. However, exceptions are seen in the high field Seebeck effect (above
the kink field) which is increasing with rotation of the field above certain angle (6, ~ 40° for B= 26 T and
0., ~ 60° for B=30T). The Seebeck effect is the largest at § = 0° as expected as this is the direction along the
temperature gradient. Indeed, for = 0°, B|| VT, and the generated longitudinal voltage that determines the
Seebeck effect is the largest. With rotation of the magnetic field away from the b — axis the longitudinal voltage,
and consequently the Seebeck effect, decreases. Thus, the expected general trend in the angular dependence is
that the Seebeck effect decreases with increasing angle towards 8 = 90° (for fields in the conducting plane) and
than continues to increase again with further increasing angle. Exactly this kind of behaviour was previously
observed at higher temperature (T = 4 K) in the CDW,, CDW,. and metallic state [18]. Also at T = 4 K, the
interlayer Seebeck effect is the largest in the CDW,, while decreases with the transition of the system into the
CDW, and metallic state. However, this is not a case at low temperatures, especially in the CDW state. Atlow
temperatures S2°°(6) displays a rather complex oscillatory behaviour than the simple decreasing with the angle.
On the other hand, we find that a common feature of the Seebeck effect for both low and high temperature is its
resonant-like behaviour (two close to each other extremes in the angular dependence), which is more prominent
atlow temperatures. At high temperatures not only that the resonant-like features are less pronounced but are
present up to a certain angle 6 ~ 50° and only in the CDW| state, i.e., below the kink field B [18]. Our results
show that at low temperatures the resonant-like features exist in the whole angular range as well as in the CDW,
state, i.e., above the kink field Bg. Similar as in the case of T'= 4 K we find that the mid-angle between the two
extremes coincides with the locations of the AMRO maxima or minima. Most importantly, at low temperatures
below 1 K and below the kink field, in the CDW|; state (blue curve), all of the mid-angle positions coincide with
the AMRO maxima or minima whereas for fields above the kink field this pattern is seen only at certain angles
larger than the critical angle . (as seen in the purple and cyan curve in figure 4). In the CDW,, state (represented
by the red curve and the purple and green curves below 6, and 6., respectively) the positions of the mid-angle
between the extremes and the AMROs positions do not coincide implying that the wavevector Q of this CDW
state is not affected by the magnetic field rotation but is only dependent on the magnetic field magnitude.

The changes in the Seebeck effect around the critical angle . might be correlated with existence of another
CDW state, between already existing CDW,, and CDW/ states, whose wavevector Q is angle-dependent. Support
to this claim is also the fact that our results reveal a larger interlayer Seebeck effect at high fields above the critical
angle 0. (opposite from the expected decrease of the interlayer Seebeck effect with increasing angle) that is field
and temperature dependent. The third CDW state was previously found to exist by the magnetoresistance and
magnetization measurements at low temperatures in [20]. To the best of our knowledge, [20] is the only evidence
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Figure 5. Magnetic field dependence of the total interlayer Seebeck effectin « — (BEDT — TTF),KHg(SCN),4 obtainedat T = 0.6 K
and different angles: § = 0°,26°,45° that correspond to the first maximum, first minimum and second maximum in AMROs,
respectively.

for existence of a third CDW state in this organic conductor. It was found that the material exhibits at least three
low-temperature electronic subphases with the third one, the CDW, state, appearing for angles 6 > 6. >~ 45° of
the magnetic field with respect to the b — axis as aresult of the interplay between Pauli and orbital effects. Our
results on the interlayer Seebeck effect indicate that indeed there are changes in the electronic structure of the
conductor that occur above 6 ~ 40°. Also, we can see from figure 4 that at angles above 6, where the third CDW
state is expected, the mid-angle positions again coincide with some of the AMRO maxima or minima which is
not a case for the CDW, (red curve). This indicates that the third CDW state is more similar in its properties to
the ground CDW|; state. This is further confirmed with the magnetic field and temperature dependence of the
interlayer Seebeck effect discussed below. For what concerns the angular Seebeck effect represented by the red
curve in figure 4 we see that the mid-angle positions do not coincide with AMROs locations for smaller angles
but they do coincide for higher angles § > 70°. The reason is that this angular dependence is obtained for
measurements of the Seebeck effect around the kink field for the given temperature (T = 0.85 K) and hence most
probably both CDW,.and CDW,, state affect the observed behaviour; the CDW . below 6 ~ 70° and the CDW,,
above this angle up to O, = 90°.

3.2. Magnetic field dependence of the interlayer Seebeck effect

Figure 5 shows the magnetic field dependence of the total interlayer Seebeck effectin o« — (BEDT — TTF),
KHg(SCN), obtained at T'= 0.6 K and for three different angles: § = 0°,26°,45°. These angles are intentionally
chosen for obtaining the magnetic field dependence as they correspond to the orientation of the magnetic field
along the first maximum, first minimum and second maximum in the AMROs (figure 2), respectively. This
allows to reveal the corresponding behaviour of the Seebeck effect with the magnetic field for different
orientations as well as to determine the angular dependence of the kink field Bg at low temperatures.

The magnetic quantum oscillations of the Seebeck effect are clearly visible above B = 8 T with a highest
amplitude for a magnetic field orientation along the least conducting directionin &« — (BEDT — TTF),
KHg(SCN),, b — axis (figure 6). When the field is rotated away from this direction their amplitude is
significantly reduced especially above the kink field. Although the second harmonic of a frequency in
« — (BEDT — TTF),KHg(SCN), appears below 2 K the observed magnetic quantum oscillations of the
Seebeck effect are mainly due to the electrons on the closed « orbit. In fact, the 2afrequency is present in the Fast
Fourier Transform (FFT) spectrum for the given tilt angles, shown in figure 7, but with significantly lower
amplitude than that of the « frequency, especially it is much lower for field rotation away from the direction of
the temperature gradient. Therefore, in general, the 2afrequency does not modulate the quantum oscillations
with the exception of the high fields above B = 27 T where the splitting of the quantum oscillations occurs and
the waveform is obtained as a combination of both avand 2afrequency.

The FFT spectrum of the magnetic quantum oscillations obtained in a field range B = 12 — 30 T reveals that
the o frequency is dominant in the oscillations and it shifts towards higher values as the magnetic field is rotated
in the ba plane. The corresponding fundamental frequency for the given field direction from the b — axis is
F,1 =673Tfor0=0°F,,=2845T for # = 26° and F,,; = 1135 T for § = 45°. The frequency of @ orbit should
follow the 1/ cos 6 scaling indicating a cylindrical Fermi surface. However, we obtain slightly higher values for
the a frequency than those expected from the 1/ cos  dependence. Usually this can result from the
misalignment of the angle during the measurements. However, in our case the AMRO data (figure 2) show that
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Figure 7. FFT spectrum of the magnetic quantum oscillations of the interlayer Seebeck effect obtained ina fieldrange B=12 — 30 T
and for the same angles as in figure 5: (a) § = 0°, (b) # = 26°and (c) § = 45°.

the positions of the angular magnetoresistance dips are at the Lebed magic angles which indicates a correct angle.
This is further supported by the fact that F, = 673 T at 0° is close to previously reported value for this organic
conductor. Furthermore, the values obtained for the magnetic breakdown filed Byp are close to each other for
the given field orientations. Experimentally, there is always a possibility of random diffusion of heat along the
sample due to even a small misalignment between the heat current and the crystal axes, which can be a source of
atransverse voltage leading to an increased thermal diffusion of the carriers in the sample. Thus, for the
magnetothermoelectric measurements the in-plane components could be significant and their mixing can in
general affect the overall behaviour of the interlayer Seebeck signal. In regards to that, we find that the angular
dependence of the v orbit frequency for our results fits well with a + b/ cos 6 dependence (a and b are
constants) where the first term would account for the carriers’ thermal diffusion. This is plotted in figure 8.

The suppression of the magnetic quantum oscillations of the interlayer Seebeck effect at higher angles is
associated with the decrease of the amplitude of the fundamental « orbit with tilting the magnetic field away
from the b — axis. The a-oscillations are result of the magnetic breakdown (MB) effect. Using the kink field
values for the CDW, — CDW,, phase transition at each angle one can calculate the energy gap between the open
and closed orbits of the Fermi surface, A ~ 7By, which allows to estimate the corresponding MB field,

Bup ~ A’m,/ hieepat each field orientation. Here, ¢ = 35 meV is the Fermi energy, m, = 1.5meis the effective
cyclotron mass and e is the elementary charge. This allows to study the onset of the MB effects with the angle via
the quantum oscillations of the Seebeck effect. Thus, for kink filed of By = 22, 24, 25 T at tilt angles of the
magnetic field § = 0°,26°, 45° (as obtained from the field dependence of the background Seebeck effect in

figure 8 below) the following values for the energy gap are obtained A = 4,4.36, 4.54 meV, respectively. The
obtained values for A yield MB field of By;p = 5.95,7.1, 7.7 T, respectively. It is obvious that the energy gap of the
CDW,, — CDW, phase transition becomes larger as the field is rotated away from the least conducting direction
ina — (BEDT — TTF),KHg(SCN), making it more difficult for the electrons to traverse it. Consequently, the
formation of the MB « orbits and the magnetic quantum oscillations associated with these orbit shift towards
higher fields with tilting the field from the normal to the layers.

In addition to o and 2afrequency, the FFT spectrum reveals existence of A frequency at low fields associated
with formation of small closed pockets on the FS after reconstruction due to quantum interference effect. This
frequency was previously reported in the low temperature quantum oscillations of the magnetoresistance and
magnetization [21] as well as in the interlayer Seebeck effect for magnetic field along the direction of the
temperature gradient [22]. We find from our angular measurements of the Seebeck effect quantum oscillations
that the A frequency is present not only for § = 0° with F ~ 180 T (Figure 7(a)), in agreement with previous
reports, but it is also still visible for tilt angles close to the temperature gradient direction, Fy ~ 192 T for = 26°
(Figure 7(b)) whereas it is absent for higher angles above 8 = 40° (figure 7(c)). This indicates that the slow
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Figure 9. Magnetic field dependence of the background Seebeck effectin v — (BEDT — TTF),KHg(SCN)y, SZ"C (B), obtained at the
same angles as in figure 5 after filtering out the quantum oscillation component. The minimum and maximum features that appear in
the field dependence at different field orientations as well as the kink field By that defines the high-field regime where the zero-field
state CDW) is transformed into the CDW, are indicated. The dashed black line shows the shift of the kink field towards higher values
with increasing tilt angle.

oscillations are present in the Seebeck effect waveform for rotations of the field away from the temperature
direction. Moreover, since the slow oscillations originate form the small closed pockets formed on the Fermi
surface after the reconstruction, in the CDW, state, our results show that these small pockets are present in the
reconstructed FS only up to a certain tilt angle of the magnetic field, above which there are only open FS orbits, in
agreement with the vanishing A frequency with rotation of the field close to the Q2D planes. As the A frequency is
absent for angles above 6 = 40° (figure 7(c)) it follows that in the third CDW state the number of small closed
orbits is significantly lower indicating that in this state the FS is still reconstructed (although this state occurs
above the kink field where the original unreconstructed FS is expected) but less imperfectly nested than that in
the CDW| state. Thus, the observations revealed from the magnetic quantum oscillations of the interlayer
Seebeck effect give more detailed insights into the parameters that shape the Fermi surface of
a — (BEDT — TTF),KHg(SCN), below and above the kink field. Hence, our results will provide obtaining
more accurate representation of the FS shape in different CDW statesin o« — (BEDT — TTF),KHg(SCN),.

In figure 9 we present the magnetic field dependence of the background Seebeck effect in
a — (BEDT — TTF),KHg(SCN), obtained at the same angles as in figure 5 after filtering out the quantum
oscillations component from the total interlayer Seebeck effect. The main behaviour of the total Seebeck effect is
determined by the magnetic field dependence of its background component as expected as this component of
the Seebeck effect is very sensitive to the change of the Fermi surface topology. The changes in the background
interlayer Seebeck effect are correlated to the change of the electronic structure, associated with the electron-
hole asymmetry at the transition.
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Our study reveals features in the background Seebeck effect, in particular maxima and minima which appear
ata certain field with tilting the magnetic field at the position of the AMRO maxima or minima that are not
clearly visible in the total Seebeck effect. Furthermore, the kink field By displays a nontrivial angular dependence
with tilting the field from the b — axis. In the CDW(, state, below By, the Seebeck effect is predominantly positive
with a prominent change in the behavior with increasing field and angle. For a magnetic field along the direction
of the temperature gradient (b — axis), figure 9 reveals a development of a pronounced feature in a form of an
upturn around 20 T preceded by abroad dip at B; = By;n0 ~ 7 T (blue curve). Interestingly, the appearance of
aspecific feature in a form of a dip followed by an upturn in the Seebeck effect of
o — (BEDT — TTF),KHg(SCN), is a behavior previously observed in the Seebeck coefficient of the
orthorhombic high-Tc cuprate YBCO [23]. Most strikingly, there is another dip in the Seebeck effect at high field
around By ~ 22 T followed by another upturn. We see that at low temperature there appear successive upturns at
a certain field that produce dips near the magnetic breakdown field Byg ~ 6 T and again around the kink field
By ~ 22T for @ = 0°. The changes in the Seebeck effect are usually attributed to the change of the electronic band
structure of the material, associated with the change in the electron-hole asymmetry due to a transition of the
system into another ordered state. Therefore, the observed features in the Seebeck effect are indicative of a
prominent change in the electronic configuration, i.e., signify a presence of a pronounced FS reconstruction at
low temperatures. Moreover, the observed features in the Seebeck effect are confirmation for establishing a
certain type of CDW orderin @ — (BEDT — TTF),KHg(SCN), similarly as detected in YBCO [23]. Actually, it
is well know thata CDW order indeed develops in this organic conductor at low temperatures below 8 K but the
significance of our results is that they allow to distinguish between different types of a CDW order by following
the Seebeck effect behaviour in a magnetic field. We associate the first dip with the appearance of the CDW| state
with a zero-field wavevector. As the onset magnetic field Bs for this state is slightly above the magnetic
breakdown field Byg ~ 6 T it is evident that the CDW|; state indeed emerges due to FS reconstruction as a result
of the magnetic breakdown effect in agreement with previous findings [5, 21]. In regards to that, the positive
(negative) Seebeck effect signifies presence of a hole (electron) pocket caused by the FS reconstruction related to
CDW modulations. The other dip around the kink field Bx ~ 22 T leads to appearance of another upturn around
B =25T followed by a saturation of the Seebeck effect at high field that is not seen in the low field state. The
behavior of the Seebeck effect above By is rather different than that below By. The second dip is more narrow
followed by a sudden increase in the Seebeck effect right above Bx with almost no change in the magnitude at
fields above B = 26 T. This implies that another CDW state is realized with a field independent Seebeck effect.
This is the high field state of « — (BEDT — TTF),KHg(SCN),, CDW,, with a field dependent wavevector. The
field independent Seebeck effect in the high field state of « — (BEDT — TTF),KHg(SCN), was also observed at
T=4K[17].

We find that with rotation of the magnetic field away from the b — axis the Seebeck effect is significantly
reduced in magnitude and the features are much less pronounced than those when the field is along the b — axis.
This is, however, expected as when the field is rotated away from the direction of the temperature gradient the
Seebeck effect decreases as a result of a much smaller longitudinal voltage. Moreover, the dips in the Seebeck
effect at low field is much less prominent for both AMRO minimum 6 = 26° (red curve) and AMRO maximum
6 = 45° (cyan curve) direction of the magnetic field but the upturn is present around B jay26 ~ 9.5 Tand
Baxas ~ 10 T, respectively. Above Bj max 26 there are other smaller upturns preceded by dips in Szt;ac (B) for
0 = 26° while it decreases above B ~ 20 T. For AMRO minimum position the interlayer Seebeck effect changes
sign from positive to negative at B ~ 26 T above which is field independent. Since this behaviour is similar to the
one in case of @ = 0° it indicates that the CDW, state is again realized above Bx ~ 24 T for a magnetic field
orientation at AMRO minimum but this one is characterized with an electron-like transport unlike the CDW,
state for = 0° where holes are dominant charge carriers. This indicates that the FS is still imperfectly nested
with the rotation of the field at the direction of the AMRO minimum with a difference that the small closed
orbits in the CDW,_state for this direction are electron-like. For § = 45°, the interlayer Seebeck effect is the
smallest in magnitude with further decrease for fields above 17 T up to the kink field indicating that the CDW,
state is weakened. The more interesting part is the interlayer Seebeck effect behaviour above the kink field
By ~ 25 T. Indeed, it does not resemble neither of the previous two cases but rather continues to display
behaviour in a form of a small dip followed by a small upturn at high field. This is an indicator that for angles
above 6 = 40° another CDW state emerges with different order than the previous two CDW states. This is in
agreement with above revealed from the angular dependence of the interlayer Seebeck effect as well as with
magnetoresistance and magnetization studies in this material [20]. Moreover, the observed behaviour in a form
of adip followed by an upturn in the interlayer Seebeck effect in the third CDW state indicates that some
properties of this state are similar to those of the CDW|, state (since these features are most prominent in the
CDWg state). This further indicates that in the third CDW state the FS would still be imperfectly nested (i.e., still
reconstructed) but to a lesser extent than in the CDW|, state since the features observed in the magnetic field
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dependence of the interlayer Seebeck effect are reduced in magnitude above the kink field with the rotation of
the field.

3.3. Temperature dependence of the interlayer Seebeck effect

We have also performed Seebeck effect measurements with the temperature in order to further confirm the
development of the new statein « — (BEDT — TTF),KHg(SCN), as well as to establish the exact temperature
interval in which each of the CDW states exists for a given magnetic field strength and orientation.

Usually, the Seebeck and Nernst effect are a complex mixture of phenomena which can be difficult to
interpret, unless specific aspects of the system under consideration change drastically. In the frame of the
semiclassical Boltzmann transport theory, a similarity between the magnetic field, angular and temperature
dependence of the Seebeck effect and magnetoresistance should be expected. Therefore, it is instructive to
discuss our experimental results in the context of previous findings on temperature dependence of the
magnetoresistance [24]. It was shown that below 15 K, the temperature dependence of the magnetoresistance is
metallic for magnetic field orientation corresponding to an AMRO minimum and nonmetallic at all other field
orientations which is a behaviour common to any system with either quasi-one or quasi-two dimensional
AMROs. This behavior has been explained in terms of the semiclassical Boltzmann theory taking into account
the contributions from both quasi-one dimensional planar Fermi sheets and quasi-two dimensional cylinder
without the use of a non-Fermi liquid description. It is found that in the CDW, state, when the field direction
corresponds to an AMRO minimum, the sample resistance is metallic. Deviations from this orientation results
in nonmetallic behavior in the temperature dependence which is more pronounced as the field orientation
approaches AMRO maxima. The observed different behaviour of magnetoresistance is associated with change of
effective dimensionality with field orientation. Most interestingly, in the CDW, state, there is a reentrant
metallic behavior of the magnetoresistance below 3 K for positions corresponding to AMRO maxima.

In connection to our results, we find that the Seebeck effect exhibits more complex behaviour than that of
magnetoresistance [25]. The evolution of different phases in a restricted temperature interval is evident form
figure 10, moreover, the temperature dependence confirms the existence of the new CDW phase, CDW,, phase,
and the coexistence of the CDW and metallic state at both AMRO maxima and AMRO minima orientations of
the magnetic field. Figure 10 shows the evolution of the total interlayer Seebeck effect in
a — (BEDT — TTF),KHg(SCN), with the temperature, S,,(T), for different tilt angles and magnetic field
strengths. Our results reveal substantial differences in the T — dependent profiles of the Seebeck effect
depending on whether the magnetic field is oriented along AMRO maximum or AMRO minimum.

For a moderate magnetic field of 15 T applied parallel to the temperature gradient (6 = 0°) there exist only
two different states, CDW, and normal state, over a restricted temperature interval (figure 10(a)). Indeed, below
8.5 K a CDW, state is developed with a S,.(T) = A + B/T + C/T* dependence, where A, Band Care constants.
Above 8.5 K there is a normal state with S, (T) = D + ET dependence, where D and E are constants. Here the first
constant term is regarded as the contribution of electronic interaction and the second term is carriers’ diffusion
component. Obviously, the case for § = 0° is distinct than the other field orientations as it is characterized with
two strictly separated states, CDW, and metallic state, with a smooth crossover from metallic to CDWj ata
transition temperature T = 8.5 K (figure 10(a)). The reason for that might be that the FS is completely
reconstructed with the transition into the CDW, state when a temperature of 8.5 K is reached. The Seebeck effect
is positive at temperatures up to 11 K (it reaches zero at 11 K which corresponds to perfect FS nesting) although
decreasing with increasing temperature. This indicates that the imperfect FS nesting begins below 11 K and is
completed at 8.5 K at which the system smoothly transitions into the CDW, state.

For a magnetic field of 20 T oriented along the first AMRO minimum (6 = 26°) the temperature dependence
of the Seebeck effect displays a more complex behaviour (figure 10(b)). Interestingly, in this case, the CDW,, state
emerges below 5 Kwitha S,(T) = F 4+ G/T + H/T" dependence, where F, G and H are constants, while in the
interval 5 K-8.5 K S,(T) = I/ T* (Iis a constant) which is a behaviour describing the phase transition from
metallic to the low temperature CDW,, state. Above 8.5 K there exists a mixed state with a
S AT)~J+KT+L/T? dependence (J, K and L are constants). It is evident that when the magnetic field is
oriented at the first AMRO minimum location the whole picture changes significantly since with rotation of the
magnetic field the FS topology changes as seen from change in the evolution of states with the temperature
(figure 10(b)). In this case what is suppose to be a normal metallic state above 8.5 K is now a mixed state which is
a combination of a metallic behaviour and another one revealed within the emphasized phase transition
occurring below 8.5 K down to 5 K. The Seebeck effect is zero for 8.5 K, it is negative above and positive below
this temperature. Here the imperfect FS nesting occurs at 8.5 K while the FS reconstruction is completed at
around 5 K. This is an indication that the obtained 1/T> behaviour for the Seebeck effect is due to the nesting
features in the electron energy spectrum. Once the FS reconstruction is completed, below 5 K, the same CDW,,
state is realized as the one obtained for 6 = 0° in figure 10(a). The observed temperature dependence of Seebeck
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Figure 10. Temperature dependence of the interlayer Seebeck effect, S,(T),in &« — (BEDT — TTF),KHg(SCN), obtained for
different magnetic field strengths and orientations: a) # = 0°, B=15T; b) § = 26°, B= 20 Tand ¢) § = 45°, B = 25 T. The prominent
change in the T'dependence of the Seebeck effect is evident with increasing tilt angle and magnetic field strength.

effect shows that the influence of FS nesting (the 1/T” term in S_(T)) is also reflected in the CDW, state at low
temperatures while thermal activation over a band gap gives a 1 /T dependence. The latter is associated with the
phonon drag effect due to the electron-phonon coupling. This indicates that beside the FS nesting, electron-
phonon coupling also has its own contribution in the formation of the CDW|, state

ina — (BEDT — TTF),KHg(SCN),.

Atahigh magnetic field of 25 T oriented along the AMRO maximum (6 = 45°) (figure 10(c)) the sample
Seebeck effect is proportional to a M/ T* (M is a constant) dependence below 4 K. Above 4 K a new state which is
a combination of normal metallic state and CDW,, state witha S,,(T) = N+ OT + P/T + R/ T* dependence (N,
O, P, Rare constants) is realized. The newly observed behaviour of the Seebeck effect (~ 1/T*) below 4 K,
although this temperature dependence is more reliable below 3 K, describes the third CDW state occurring just
below 6 = 45° and on the edge of the kink field transition Bx = 25 T. Interestingly, with the rotation of the
magnetic field above § ~ 40° the CDW| state still survives together with the metallic one even at temperatures
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Figure 11. The tentative T — 6 phase diagram of & — (BEDT — TTF),KHg(SCN),. Solid lines are guides to the eyes. The three
possible CDW regions and the metallic state are indicated in a given temperature and angular interval. The metallic — CDW,
transition which is most probably triggered when the magnetic field orientation is along the first AMRO minimum, the possible mixed
state as well as the existence of a combination of CDW,, and metallic state are presented. The temperature-angular interval for the
CDW, state is provisional as it has been established from the angular dependence of the Seebeck effect at low temperatures obtained in
this work (figure 4) and the one in [18] for T = 4 K (figure 3(a)).

above 8.5 K, where only the metallic state is expected. This indicates that the angular effects are indeed significant
in the distribution of the CDW order in this organic conductor. Consequently, the rotation of the magnetic field
causes the FS reconstruction (accompanied with appearance of small closed pockets on the sides of the FS as well
asnew open orbits) to happen at higher temperatures and hence the presence of the CDW, state is detected at
temperatures slightly above the transition temperature.

We note that the temperature dependence of the magnetoresistance shows that it is metallic for magnetic
field orientation corresponding to an AMRO minimum and nonmetallic at all other field orientations [24]. On
contrary, the temperature dependence of the Seebeck effect shows that the nonmetallic behaviour is observed for
both AMRO maximum and minimum (except for & = 0°) which is a rather expected behaviour as the AMRO
maxima and minima coincide with the mid-angle positions in the Seebeck angular resonant-like features
(figure 4).

The proposed T — 6 phase diagram in figure 11 (which has not been given by far) shows the possible CDW
regionsin « — (BEDT — TTF),KHg(SCN),. In addition, the phase diagram reveals presence of other states
within a given temperature and angular range. The metallic — CDW|, transition most probably occurs for field
orientations between the first AMRO minimum (¢ = 26°) and second AMRO maximum (6 = 45°) within a
certain temperature interval above which there is a mixed state for the same range of angles. With increasing
angle the CDW,, state appears above 6 ~ 40° and only at low temperatures below 4 K. On the other hand, with
increasing temperature above 4 K this state is replaced by another one which demonstrates properties similar to
both CDW, and metallic state.

4, Conclusions

Detailed studies of the interlayer Seebeck effect of organic conductor « — (BEDT — TTF),KHg(SCN), asa
function of temperature, magnetic field strength, and field orientation are reported. Our observations reveal that
the properties of this quasi-two dimensional organic conductor are far more complex than previously
anticipated, especially in its response to a magnetic field orientation. We find that the formation of the CDW,,
state is mainly due to the FS reconstruction as a result of the magnetic breakdown effect since the onset magnetic
field for this state is near the magnetic breakdown field. However, the electron-phonon coupling might be also
an important mechanism in formation of the CDWj statein « — (BEDT — TTF),KHg(SCN), as evident from
the temperature dependence of the interlayer Seebeck effect. Our studies confirm and advance previous findings
on the existing of several different CDW states in the organic conductor & — (BEDT — TTF),KHg(SCN), and
reveal that in this system the electronic structure is far more complex than previously anticipated. We find thata
third CDW state develops at low temperatures below 3 K at angles above § = 40° and fields above the kink field.
At these angles and fields the high field CDW, state with a field dependent wavevector is replaced by the CDW,,
state with an angle dependent wavevector. In addition, we find that the third CDW state resembles some of the
properties of the CDW|, state but the FS is less imperfectly nested than in the CDW|; state. The temperature
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measurements reveal substantial differences in the T'— dependent profiles of the Seebeck effect depending on
whether the magnetic field is oriented along AMRO maximum or AMRO minimum. This allows to specify the
temperature interval of existence of each of the CDW states for a given magnetic field strength and orientation as
well as to reveal the presence of other possible states and transitions in & — (BEDT — TTF),KHg(SCN), that
have not been previously detected by magnetoresistance and/or magnetization measurements.
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