
Physica Scripta

PAPER

Seebeck effect studies in the charge density wave
state of organic conductor α-
(BEDT–TTF)2KHg(SCN)4
To cite this article: D Krstovska et al 2021 Phys. Scr. 96 125734

 

View the article online for updates and enhancements.

You may also like
Observation of possible nonlinear
anomalous Hall effect in organic two-
dimensional Dirac fermion system
Andhika Kiswandhi and Toshihito Osada

-

Strong light-field effects driven by nearly
single-cycle 7 fs light-field in correlated
organic conductors
Yohei Kawakami, Hirotake Itoh, Kenji
Yonemitsu et al.

-

History of crystalline organic conductor
Keizo Murata

-

This content was downloaded from IP address 146.201.201.48 on 31/01/2022 at 14:11

https://doi.org/10.1088/1402-4896/ac45a9
/article/10.1088/1361-648X/ac3fd5
/article/10.1088/1361-648X/ac3fd5
/article/10.1088/1361-648X/ac3fd5
/article/10.1088/1361-6455/aad40a
/article/10.1088/1361-6455/aad40a
/article/10.1088/1361-6455/aad40a
/article/10.7567/JJAP.56.05FA12


Phys. Scr. 96 (2021) 125734 https://doi.org/10.1088/1402-4896/ac45a9

PAPER

Seebeck effect studies in the charge density wave state of organic
conductorα-(BEDT–TTF)2KHg(SCN)4
DKrstovska1 , E SChoi2 andE Steven2,3

1 Ss. Cyril andMethodiusUniversity, Faculty ofNatural Sciences andMathematics, Arhimedova 3, 1000 Skopje,Macedonia
2 NationalHighMagnetic Field Laboratory, Florida StateUniversity, Tallahassee, FL 32310,United States of America
3 Emmerich ResearchCenter, JakartaUtara, DKI Jakarta 14450, Indonesia

E-mail: danica@pmf.ukim.mk and krstovska@magnet.fsu.edu

Keywords: interlayer Seebeck effect, quasi-two dimensional organic conductor, charge density wave,magnetic quantumoscillations

Abstract
Angular,magnetic field and temperature dependence of the interlayer Seebeck effect of themultiband
organic conductor BEDT TTF KHg SCN2 4( ) ( )a - - is experimentally studied at temperatures down
to 0.55K andfields up to 31 T in awide range of angles. The backgroundmagnetic field and angular
component of the Seebeck effect as well as themagnetic quantumoscillations that originate from the
closed Fermi surface orbits are analyzed. The background interlayer Seebeck effect components show
that above certain tilt angle of themagneticfield and above the kinkfield there is another CDWstate in

BEDT TTF KHg SCN2 4( ) ( )a - - , between previously knownCDW0 andCDWx states, in agreement
withmagnetoresistance andmagnetization studies in thismaterial. Our observations show that this
state possesses some of the properties of the CDW0 state. The Fermi surface in the thirdCDWstate 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 3K and atfield orientations around the secondAMROmaximum. In addition,
for the first time, a detailedT− θ phase diagramof BEDT TTF KHg SCN2 4( ) ( )a - - based purely
on Seebeck effectmeasurements is presented.We find that other states and transitions, beside the
CDWstates, also exist in a given temperature and angular range that have not been previously
reported. These observations change thewhole picture about the transport processes in the organic
conductor BEDT TTF KHg SCN2 4( ) ( )a - - and allow to better understand the complex nature of
theCDWorder in this and similar compounds.

1. Introduction

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

BEDT TTF MHg SCN2 4( ) ( )a - - [M= K, Rb, Tl] 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]. At ambient pressure, the familywithM= K, Rb, Tl undergo a transition from ametal to a
charge density wave (CDW) phase at a temperatureTCDW= 8, 10, and 12K, 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 (forM= K), the CDW is removed and is replaced by ametallic phase with a FS consisting of a quasi-
two dimensional (q2D) hole cylinder, known as theα pocket, and a pair of quasi-one dimensional (qlD)
electronic sheets [7]. The low-dimensional character of the organic conductors leads to important consequences
in their response to amagnetic field. In fact, qualitatively new effects, in particular related to the field orientation,
have been found in thesematerials [1, 8].
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The organic compound central to this investigation is still arousing considerable interest due to existence of
multiplefield-inducedCDWphases [9]. The already existing studies on properties of

BEDT TTF KHg SCN2 4( ) ( )a - - show that for afield perpendicular to themost conducting plane, its
electronic structure can be separated into three regimes; the normalmetallic state, CDW0 andCDWx [10, 11].
Each electronic regime of BEDT TTF KHg SCN2 4( ) ( )a - - is characterizedwith a specific dependence of the
magnetoresistance with respect tofield orientation. At temperatures below the transition temperatureTp= 8K
and kinkfieldBK ∼ 23T, angular dependentmagnetoresistance oscillations with sharp dips similar to those in
some quasi-one dimensional organic conductors [12, 13] are observed.On contrary, at temperatures aboveTp
andfields aboveBK the angularmagnetoresistance oscillations are rather quasi-two dimensional with peaks
periodic in tan q [14, 15].

Themagnetoresistance andmagnetization of theQ2Dorganic conductor BEDT TTF KHg SCN2 4( ) ( )a - - in
theCDWstate were studied bymany authors (see [5, 8] and references therein). Apart from that, the Seebeck
andNernst effect in thismaterial 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
significantlymore sensitive to the electron energy spectrumof the degenerate conductors than the
galvanomagnetic effects. Therefore, theymight givemore information about the charge carriers involved in the
transport processes aswell as the values of the parameters that shape the FS.

In this paper, we study the low temperature angular andmagnetic field dependence of the interlayer Seebeck
effect (or interlayermagnetothermopower) in the ground state of the organic conductor

BEDT TTF KHg SCN2 4( ) ( )a - - . In addition, we examine the temperature dependence of the Seebeck effect
as a function ofmagnetic field and its orientation. Themost significant results of the present investigation
include: confirmation of previous reports that in BEDT TTF KHg SCN2 4( ) ( )a - - there is another low
temperature CDWstate at angles above θ= 40° andfields above the kink field; first determination of theT− θ

phase diagramof BEDT TTF KHg SCN2 4( ) ( )a - - based purely on interlayer Seebeck effectmeasurements;
the study of the onset ofmagnetic breakdown effects via the Seebeck effect, and themeasurement of quantum
oscillations in the Seebeck effect.

2. Experiment

The single-crystal sample in this studywas grown using conventional electrochemical crystallization techniques,
andwasmounted on a rotating platformwith a precision better than a degree. Two pairs of Auwires 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 effectmeasurements. The resistance wasmeasured by a conventional 4-probe
low frequency lock-in technique. The sample was positioned between two quartz blocks (figure 1), whichwere
heated by sinusoidal heating currents with an oscillation frequency f0 and phase differenceπ/2 to establish a
small temperature gradient along the b-axis. The corresponding temperature gradient (∇T) and the thermal emf
with 2f0 oscillation frequencyweremeasured for themagnetothermopower signal. Themethod for Seebeck
effectmeasurements used in this work is detailed elsewhere [19]. The direction of themagnetic field

B B BB sin cos , sin sin , cos( )q f q f q= ismeasuredwith respect to polar θ (b-axis to ac-plane) andfixed
azimuthal anglef= 37° (with respect to c-axis in the ac-plane) as shown infigure 1.

Figure 1.The experimental setup for the interlayermagnetoresistance and Seebeck effectmeasurements in the organic conductor
BEDT TTF KHg SCN2 4( ) ( )a - - as a function of themagnetic field and its orientation. The temperature gradient∇T is along the

less conducting axis, b − axis of the conductor, perpendicular to theQ2D conducting ac plane. ThemagneticfieldB is rotated for
angle θ from the b-axis to the ac-plane at a fixed azimuthal angle off = 37° from the c-axis.
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3. Results andDiscussion

Although the organic conductor under consideration is characterized by a complex ground state which isfield
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 transportmechanisms.

Below a detailed description of the evolution of the Seebeck effect with themagnetic field strength, its
orientation and the temperature in the two-band organic conductor BEDT TTF KHg SCN2 4( ) ( )a - - is
presentedwith emphasis on its behaviour in the charge density wave state. Along the z− axis the FS is slightly
corrugated as a result of thefinite dispersion between the layers perpendicular to the xy− plane. In the
xy− plane the FS consists of open sheets and closed cylindrical parts, fromwhich q1D and q2Dbehavior of the
electronic system evolves, respectively.

3.1. Angular-dependent oscillations of themagnetoresistance and Seebeck effect
The angular oscillations are characteristic of the kinetic and thermoelectric coefficients of layered organic
conductors and are absent in isotropicmetals. They are associatedwith the charge carriersmotion on the
cylindrical closed pockets and quasi-planar sheets of the FS in a tiltedmagnetic field. As charge carriersmove
across the FS under the influence of themagnetic 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 emergewhen a constantmagnetic field is turned from the
direction normal to conducting layers toward the plane of the layers.

In a two-band organic conductor an externalmagnetic field affects differently themotion of charge carriers
whose states belong to theweakly corrugated cylinder and corrugated plane sheets of the FS. Thus, the presence
of open planar sheets of the FS ismost easily revealed in a conductor placed in amagnetic field. Consequently,
the contributions fromdifferent conducting channels can be detected and separatedmore accurately by
studying themagnetothermoelectric effects in such conductors.

3.1.1. Angularmagnetoresistance oscillations
Figure 2 shows the angularmagnetoresistance oscillations (AMROs) in BEDT TTF KHg SCN2 4( ) ( )a - - for
severalfields: 10 T, 15T, 21 T and temperatures: 0.55K, 0.57K, 0.6K in theCDW0 state. The Shubnikov-de
Haas (SdH) quantumoscillations, associatedwith Landau quantization of the closed orbit FS are observed
superimposed on the AMROs for higher fields aboveB= 10 T and at angles below θ= 60°. The SdHoscillations
aremainly due to the closedα orbit of frequency Fα= 673T,which in BEDT TTF KHg SCN2 4( ) ( )a - -
emerges aboveB= 8T, and aremost prominent at highfields above 20T and angles below 60° as evident in
purple curve infigure 2. The angular constrain for the SdHoscillations is due to the the elongation of the elliptic
α orbit with increasing angle. A series of dips are observed at the so-called Lebedmagic angles θ= θn [1] given by

ntan cos tann 0 0 0( ) ( ) ( )q f f q- = + D where tan 0.5n( )q = ,Δ0= 1.25,f0= 27° and n= 0,± 1,± 2,K in
agreementwith earlier experiments.

The appearance of the sharp dips in the AMROs is a confirmation that at low temperatures and below the
kinkfield themain contribution to the observed angular dependence comes from the electrons belonging on the
open orbits on the Fermi surface. The obvious observation fromfigure 2 is that the AMROmaxima andminima

Figure 2.Angularmagnetoresistance oscillations in BEDT TTF KHg SCN2 4( ) ( )a - - for several fields:B = 10T, 15 T, 21T and
temperatures:T = 0.55 K, 0.57K, 0.6 K, respectively. The Shubnikov-deHaas quantumoscillations are visible at highfields above
B = 10T and angles below 60°. The positions of some of theAMROmaxima andminima are indicated by dashed lines.
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slightly shift their angular position towards higher angles with increasing both themagnetic field strength and
temperature.

According to the semiclassical Boltzmann transport theory a similarity between themagnetoresistance and
Seebeck effect should be expected as the interlayer Seebeck effect Szz is a product of the interlayer resistivity ρzz
and the corresponding thermoelectric coefficientαzz, Szz= ρzzαzz, with the interlayer thermoelectric coefficient

obtained by theMott formula
k T

e3
zz

B d

d

2
zz ∣( )a

p
= s e

e e m= , whereμ is the chemical potential of the electron system

andσzz(ε) is the energy-dependent interlayer electrical 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 effect in BEDT TTF KHg SCN2 4( ) ( )a - -
for severalfields:B= 10 T, 23 T, 26 T, 30T and temperatures:T= 0.54K, 0.85K, 0.88K, 0.94K, respectively.

The interlayer Seebeck effect shows rather complex angular behavior at low temperatures in theCDWstate
compared to that at higher temperatures, for example at 4K, previously studied in [18]. In comparison, there are
pronounced angular quantumoscillations at low temperature that are not seen at higher temperature due to the
thermal smearing of the FSwith increasing temperature. In addition, at low temperatures, the angular quantum
oscillations of the interlayer Seebeck effect are present in thewhole angular range and fieldsB� 10 T compared
to those of the interlayermagnetoresistance (figure 2)which are observed up to a certain angle of approximately
60° and only at highfields. The amplitude of the Seebeck effect quantumoscillations decreases above 60° and
fields above the kinkfieldBK but are still present. The observed suppression of the quantumoscillations is
associated not only with the elongation of the closedα orbits with increasing angle but alsowith the existence of
differentfield-induced phases in BEDT TTF KHg SCN2 4( ) ( )a - - 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

BEDT TTF KHg SCN2 4( ) ( )a - - properly we relate it with the corresponding CDWstate and in correlation
with the interlayermagnetoresistance behaviour. Additionally, we are also studying the behavior of the

Figure 3. (a)Angular dependence of the total interlayer Seebeck effect, Szz(θ), in BEDT TTF KHg SCN2 4( ) ( )a - - for several fields:
B = 10T, 23T, 26 T, 30T and temperatures:T = 0.54K, 0.85K, 0.88 K, 0.94K, respectively. There is a decrease in the amplitude of
the Seebeck effect quantumoscillations for angles above 60° but the oscillations are present in thewhole range of angles. (b)The same
curves are presented shifted from each other formore clarity of the evolution of angular quantumoscillations.
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interlayer Seebeck effect withmagnetic field and temperature to reveal the boundaries of existence of each of the
different CDWstates in this organic conductor formore accurate presentation and analysis of the experimental
results as well as for determination of the phase diagram. In reference to that, we present infigure 4 the angular
dependence of the background interlayer Seebeck effect which ismore sensitive to the Fermi surface topology
than the quantumoscillation component and hence determines themain angular behavior of the Seebeck effect.

The background Seebeck effect in BEDT TTF KHg SCN2 4( ) ( )a - - is an oscillating function of the angle
and should decrease with increasing angle due to the decrease of the induced longitudinal voltagewith the
rotation of thefield away from the b− axis. However, exceptions are seen in the high field Seebeck effect (above
the kinkfield)which is increasing with rotation of the field above certain angle (θc1∼ 40° forB= 26T and
θc2∼ 60° forB= 30T). The Seebeck effect is the largest at θ= 0° as expected as this is the direction along the
temperature gradient. Indeed, for θ= 0°,B∥∇T, and the generated longitudinal voltage that determines the
Seebeck effect is the largest.With rotation of themagnetic 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 θ= 90° (forfields in the conducting plane) and
than continues to increase againwith further increasing angle. Exactly this kind of behaviourwas previously
observed at higher temperature (T= 4K) in theCDW0, CDWx andmetallic state [18]. Also atT= 4K, the
interlayer Seebeck effect is the largest in theCDW0while decreases with the transition of the system into the
CDWx andmetallic state. However, this is not a case at low temperatures, especially in theCDWstate. At low
temperatures Szz

bac ( )q displays a rather complex oscillatory behaviour than the simple decreasingwith the angle.
On the other hand, wefind 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 ismore prominent
at low temperatures. At high temperatures not only that the resonant-like features are less pronounced but are
present up to a certain angle θ ∼ 50° and only in theCDW0 state, i.e., below the kinkfieldBK [18]. Our results
show that at low temperatures the resonant-like features exist in thewhole angular range aswell as in theCDWx

state, i.e., above the kinkfieldBK. Similar as in the case ofT= 4Kwefind that themid-angle between the two
extremes coincides with the locations of the AMROmaxima orminima.Most importantly, at low temperatures
below 1K and below the kink field, in theCDW0 state (blue curve), all of themid-angle positions coincide with
the AMROmaxima orminimawhereas forfields above the kinkfield this pattern is seen only at certain angles
larger than the critical angle θc (as seen in the purple and cyan curve infigure 4). In theCDWx state (represented
by the red curve and the purple and green curves below θc1 and θc2, respectively) the positions of themid-angle
between the extremes and the AMROs positions do not coincide implying that thewavevectorQ of this CDW
state is not affected by themagnetic field rotation but is only dependent on themagnetic fieldmagnitude.

The changes in the Seebeck effect around the critical angle θcmight be correlatedwith existence of another
CDWstate, between already existingCDW0 andCDWx states, whosewavevectorQ is angle-dependent. Support
to this claim is also the fact that our results reveal a larger interlayer Seebeck effect at highfields above the critical
angle θc (opposite from the expected decrease of the interlayer Seebeck effect with increasing angle) that isfield
and temperature dependent. The thirdCDWstate was previously found to exist by themagnetoresistance and
magnetizationmeasurements at low temperatures in [20]. To the best of our knowledge, [20] is the only evidence

Figure 4.Angular dependence of the background interlayer Seebeck effect, Szz
bac ( )q , in BEDT TTF KHg SCN2 4( ) ( )a - - obtained

after filtering out the quantumoscillations 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. Themid-angle positions of the resonant-like features in the angular Seebeck
effect coincidingwith the locations of the AMROmaxima andminima are indicated by dashed lines.
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for existence of a thirdCDWstate in this organic conductor. It was found that thematerial exhibits at least three
low-temperature electronic subphases with the third one, the CDWy state, appearing for angles θ� θc; 45° of
themagneticfieldwith respect to the b− axis as a result 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 θ∼ 40°. Also, we can see from figure 4 that at angles above θc, where the thirdCDW
state is expected, themid-angle positions again coincide with some of the AMROmaxima orminimawhich is
not a case for theCDWx (red curve). This indicates that the thirdCDWstate ismore similar in its properties to
the groundCDW0 state. This is further confirmedwith themagnetic field and temperature dependence of the
interlayer Seebeck effect discussed below. Forwhat concerns the angular Seebeck effect represented by the red
curve infigure 4we see that themid-angle positions do not coincide withAMROs locations for smaller angles
but they do coincide for higher angles θ> 70°. The reason is that this angular dependence is obtained for
measurements of the Seebeck effect around the kinkfield for the given temperature (T= 0.85K) and hencemost
probably bothCDWx andCDWy state affect the observed behaviour; the CDWx below θ∼ 70° and theCDWy

above this angle up to 90minq = .

3.2.Magneticfield dependence of the interlayer Seebeck effect
Figure 5 shows themagnetic field dependence of the total interlayer Seebeck effect in BEDT TTF 2( )a - -
KHg SCN 4( ) obtained atT= 0.6 K and for three different angles: θ= 0°, 26°, 45°. These angles are intentionally
chosen for obtaining themagnetic field dependence as they correspond to the orientation of themagnetic field
along thefirstmaximum,firstminimumand secondmaximum in the AMROs (figure 2), respectively. This
allows to reveal the corresponding behaviour of the Seebeck effect with themagnetic field for different
orientations aswell as to determine the angular dependence of the kinkfieldBK at low temperatures.

Themagnetic quantumoscillations of the Seebeck effect are clearly visible aboveB= 8Twith a highest
amplitude for amagnetic field orientation along the least conducting direction in BEDT TTF 2( )a - -
KHg SCN 4( ) , b− axis (figure 6).When thefield is rotated away from this direction their amplitude is
significantly reduced especially above the kinkfield. Although the second harmonic ofα frequency in

BEDT TTF KHg SCN2 4( ) ( )a - - appears below 2K the observedmagnetic quantumoscillations of the
Seebeck effect aremainly due to the electrons on the closedα orbit. In fact, the 2αfrequency is present in the Fast
Fourier Transform (FFT) spectrum for the given tilt angles, shown infigure 7, butwith significantly lower
amplitude than that of theα frequency, especially it ismuch lower forfield rotation away from the direction of
the temperature gradient. Therefore, in general, the 2αfrequency does notmodulate the quantumoscillations
with the exception of the highfields aboveB= 27 Twhere the splitting of the quantumoscillations occurs and
thewaveform is obtained as a combination of bothα and 2αfrequency.

The FFT spectrumof themagnetic quantumoscillations obtained in afield rangeB= 12− 30T reveals that
theα frequency is dominant in the oscillations and it shifts towards higher values as themagnetic field is rotated
in the ba plane. The corresponding fundamental frequency for the given field direction from the b− axis is
Fα1= 673T for θ= 0°, Fα2= 845T for θ= 26° and Fα3= 1135T for θ= 45°. The frequency ofα orbit should
follow the 1 cos q scaling indicating a cylindrical Fermi surface. However, we obtain slightly higher values for
theα frequency than those expected from the 1 cos q dependence. Usually this can result from the
misalignment of the angle during themeasurements. However, in our case the AMROdata (figure 2) show that

Figure 5.Magnetic field dependence of the total interlayer Seebeck effect in BEDT TTF KHg SCN2 4( ) ( )a - - obtained atT = 0.6 K
and different angles: θ = 0°, 26°, 45° that correspond to thefirstmaximum,firstminimumand secondmaximum inAMROs,
respectively.
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the positions of the angularmagnetoresistance dips are at the Lebedmagic angles which indicates a correct angle.
This is further supported by the fact that Fα= 673T at 0° is close to previously reported value for this organic
conductor. Furthermore, the values obtained for themagnetic breakdown filedBMB are close to each other for
the givenfield orientations. Experimentally, there is always a possibility of randomdiffusion of heat along the
sample due to even a smallmisalignment between the heat current and the crystal axes, which can be a source of
a transverse voltage leading to an increased thermal diffusion of the carriers in the sample. Thus, for the
magnetothermoelectricmeasurements the in-plane components could be significant and theirmixing can in
general affect the overall behaviour of the interlayer Seebeck signal. In regards to that, wefind that the angular
dependence of theα orbit frequency for our resultsfits well with a b cos q+ dependence (a and b are
constants)where thefirst termwould account for the carriers’ thermal diffusion. This is plotted infigure 8.

The suppression of themagnetic quantumoscillations of the interlayer Seebeck effect at higher angles is
associatedwith the decrease of the amplitude of the fundamentalα orbit with tilting themagnetic field away
from the b− axis. Theα-oscillations are result of themagnetic breakdown (MB) effect. Using the kinkfield
values for theCDW0→ CDWx phase transition at each angle one can calculate the energy gap between the open
and closed orbits of the Fermi surface,Δ∼ πμBBK, which allows to estimate the correspondingMBfield,
BMB∼Δ2mc/ÿeεF at eachfield orientation.Here, εF= 35meV is the Fermi energy,mc= 1.5me is the effective
cyclotronmass and e is the elementary charge. This allows to study the onset of theMB effects with the angle via
the quantumoscillations of the Seebeck effect. Thus, for kinkfiled ofBK= 22, 24, 25T at tilt angles of the
magnetic field θ= 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 obtainedΔ= 4, 4.36, 4.54meV, respectively. The
obtained values forΔ yieldMBfield ofBMB= 5.95, 7.1, 7.7 T, respectively. It is obvious that the energy gap of the
CDW0→ CDWx phase transition becomes larger as thefield is rotated away from the least conducting direction
in BEDT TTF KHg SCN2 4( ) ( )a - - making itmore difficult for the electrons to traverse it. Consequently, the
formation of theMBα orbits and themagnetic quantumoscillations associatedwith these orbit shift towards
higherfields with tilting thefield from the normal to the layers.

In addition toα and 2αfrequency, the FFT spectrum reveals existence ofλ frequency at lowfields associated
with formation of small closed pockets on the FS after reconstruction due to quantum interference effect. This
frequencywas previously reported in the low temperature quantumoscillations of themagnetoresistance and
magnetization [21] aswell as in the interlayer Seebeck effect formagnetic field along the direction of the
temperature gradient [22].Wefind fromour angularmeasurements of the Seebeck effect quantumoscillations
that theλ frequency is present not only for θ= 0°with Fλ∼ 180T (Figure 7(a)), in agreement with previous
reports, but it is also still visible for tilt angles close to the temperature gradient direction, Fλ∼ 192T for θ= 26°
(Figure 7(b))whereas it is absent for higher angles above θ= 40° (figure 7(c)). This indicates that the slow

Figure 6.Magnetic quantumoscillations of the interlayer Seebeck effect in BEDT TTF KHg SCN2 4( ) ( )a - - , S Bzz
osc ( ), obtained for

T = 0.6K and the same angles as in figure 5. The oscillations are seen aboveB = 10T and aremost prominent for themagnetic field
parallel to the least conducting axis, b − axis.

Figure 7. FFT spectrumof themagnetic quantumoscillations of the interlayer Seebeck effect obtained in a field rangeB = 12 − 30 T
and for the same angles as infigure 5: (a) θ = 0°, (b) θ = 26° and (c) θ = 45°.
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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 theCDW0 state, our results show that these small pockets are present in the
reconstructed FS only up to a certain tilt angle of themagnetic field, abovewhich there are only open FS orbits, in
agreementwith the vanishingλ frequencywith rotation of thefield close to theQ2Dplanes. As theλ frequency is
absent for angles above θ= 40° (figure 7(c)) it follows that in the thirdCDWstate 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 kinkfieldwhere the original unreconstructed FS is expected) but less imperfectly nested than that in
theCDW0 state. Thus, the observations revealed from themagnetic quantumoscillations of the interlayer
Seebeck effect givemore detailed insights into the parameters that shape the Fermi surface of

BEDT TTF KHg SCN2 4( ) ( )a - - below and above the kinkfield.Hence, our results will provide obtaining
more accurate representation of the FS shape in different CDWstates in BEDT TTF KHg SCN2 4( ) ( )a - - .

Infigure 9we present themagnetic field dependence of the background Seebeck effect in
BEDT TTF KHg SCN2 4( ) ( )a - - obtained at the same angles as infigure 5 after filtering out the quantum

oscillations component from the total interlayer Seebeck effect. Themain behaviour of the total Seebeck effect is
determined by themagnetic 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, associatedwith the electron-
hole asymmetry at the transition.

Figure 8.Angular dependence of the fundamentalα frequency obtained from the interlayer Seebeck effectmeasurements. The red
curve is for the 1 cos q and the purple curve is obtained by fittingwith the a b cos q+ dependence. A reasonablefit of theα
frequency values is obtainedwith the a b cos q+ dependencemost probably due to thermal diffusion of the charge carriers.

Figure 9.Magnetic field dependence of the background Seebeck effect in BEDT TTF KHg SCN2 4( ) ( )a - - , S Bzz
bac ( ), obtained at the

same angles as infigure 5 after filtering out the quantumoscillation component. Theminimumandmaximum features that appear in
the field dependence at different field orientations aswell as the kink fieldBK that defines the high-field regimewhere the zero-field
state CDW0 is transformed into the CDWx are indicated. The dashed black line shows the shift of the kinkfield towards higher values
with increasing tilt angle.
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Our study reveals features in the background Seebeck effect, in particularmaxima andminimawhich appear
at a certain fieldwith tilting themagnetic field at the position of theAMROmaxima orminima that are not
clearly visible in the total Seebeck effect. Furthermore, the kink fieldBK displays a nontrivial angular dependence
with tilting thefield from the b− axis. In theCDW0 state, belowBK, the Seebeck effect is predominantly positive
with a prominent change in the behavior with increasing field and angle. For amagnetic field along the direction
of the temperature gradient (b− axis),figure 9 reveals a development of a pronounced feature in a formof an
upturn around 20Tpreceded by a broad dip at B B 7S min 0= ~ T (blue curve). Interestingly, the appearance of
a specific feature in a formof a dip followed by an upturn in the Seebeck effect of

BEDT TTF KHg SCN2 4( ) ( )a - - 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 highfield
aroundBK ∼ 22T followed by another upturn.We see that at low temperature there appear successive upturns at
a certain field that produce dips near themagnetic breakdownfieldBMB∼ 6T and again around the kinkfield
BK ∼ 22T for θ= 0°. The changes in the Seebeck effect are usually attributed to the change of the electronic band
structure of thematerial, associatedwith 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 CDWorder in BEDT TTF KHg SCN2 4( ) ( )a - - similarly as detected in YBCO [23]. Actually, it
is well know that a CDWorder indeed develops in this organic conductor at low temperatures below 8Kbut the
significance of our results is that they allow to distinguish between different types of a CDWorder by following
the Seebeck effect behaviour in amagnetic field.We associate the first dipwith the appearance of theCDW0 state
with a zero-fieldwavevector. As the onsetmagnetic fieldBS for this state is slightly above themagnetic
breakdownfieldBMB∼ 6T it is evident that the CDW0 state indeed emerges due to FS reconstruction as a result
of themagnetic breakdown effect in agreementwith 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
CDWmodulations. The other dip around the kinkfieldBK ∼ 22T leads to appearance of another upturn around
B= 25 T followed by a saturation of the Seebeck effect at high field that is not seen in the lowfield state. The
behavior of the Seebeck effect aboveBK is rather different than that belowBK. The second dip ismore narrow
followed by a sudden increase in the Seebeck effect right aboveBKwith almost no change in themagnitude at
fields aboveB= 26T. This implies that another CDWstate is realizedwith afield independent Seebeck effect.
This is the high field state of BEDT TTF KHg SCN2 4( ) ( )a - - , CDWx, with afield dependent wavevector. The
field independent Seebeck effect in the highfield state of BEDT TTF KHg SCN2 4( ) ( )a - - was also observed at
T= 4K [17].

Wefind that with rotation of themagnetic field away from the b− axis the Seebeck effect is significantly
reduced inmagnitude and the features aremuch less pronounced than thosewhen the field is along the b− axis.
This is, however, expected aswhen the field is rotated away from the direction of the temperature gradient the
Seebeck effect decreases as a result of amuch smaller longitudinal voltage.Moreover, the dips in the Seebeck
effect at lowfield ismuch less prominent for bothAMROminimum θ= 26° (red curve) andAMROmaximum
θ= 45° (cyan curve) direction of themagnetic field but the upturn is present around B 9.51 max 26 ~ T and
B 10max 45 ~ T, respectively. Above B1 max 26 there are other smaller upturns preceded by dips in S Bzz

bac ( ) for
θ= 26°while it decreases aboveB∼ 20T. ForAMROminimumposition the interlayer Seebeck effect changes
sign frompositive to negative atB∼ 26T abovewhich isfield independent. Since this behaviour is similar to the
one in case of θ= 0° it indicates that the CDWx state is again realized aboveBK∼ 24 T for amagnetic field
orientation at AMROminimumbut this one is characterizedwith an electron-like transport unlike theCDWx

state for θ= 0°where holes are dominant charge carriers. This indicates that the FS is still imperfectly nested
with the rotation of thefield at the direction of the AMROminimumwith a difference that the small closed
orbits in theCDWx state for this direction are electron-like. For θ= 45°, the interlayer Seebeck effect is the
smallest inmagnitudewith further decrease forfields above 17 Tup to the kinkfield indicating that the CDW0

state is weakened. Themore interesting part is the interlayer Seebeck effect behaviour above the kinkfield
BK ∼ 25T. Indeed, it does not resemble neither of the previous two cases but rather continues to display
behaviour in a formof a small dip followed by a small upturn at highfield. This is an indicator that for angles
above θ= 40° another CDWstate emerges with different order than the previous twoCDWstates. This is in
agreementwith above revealed from the angular dependence of the interlayer Seebeck effect as well as with
magnetoresistance andmagnetization studies in thismaterial [20].Moreover, the observed behaviour in a form
of a dip followed by an upturn in the interlayer Seebeck effect in the thirdCDWstate indicates that some
properties of this state are similar to those of theCDW0 state (since these features aremost prominent in the
CDW0 state). This further indicates that in the thirdCDWstate the FSwould still be imperfectly nested (i.e., still
reconstructed) but to a lesser extent than in theCDW0 state since the features observed in themagnetic field
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dependence of the interlayer Seebeck effect are reduced inmagnitude above the kink fieldwith the rotation of
thefield.

3.3. Temperature dependence of the interlayer Seebeck effect
Wehave also performed Seebeck effectmeasurements with the temperature in order to further confirm the
development of the new state in BEDT TTF KHg SCN2 4( ) ( )a - - as well as to establish the exact temperature
interval inwhich each of theCDWstates exists for a givenmagnetic field strength and orientation.

Usually, the Seebeck andNernst effect are a complexmixture of phenomenawhich can be difficult to
interpret, unless specific aspects of the systemunder consideration change drastically. In the frame of the
semiclassical Boltzmann transport theory, a similarity between themagnetic field, angular and temperature
dependence of the Seebeck effect andmagnetoresistance 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 15K, the temperature dependence of themagnetoresistance is
metallic formagnetic field orientation corresponding to anAMROminimumand nonmetallic at all otherfield
orientations which is a behaviour common to any systemwith 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 fromboth 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 theCDW0 state, when the field direction
corresponds to anAMROminimum, the sample resistance ismetallic. Deviations from this orientation results
in nonmetallic behavior in the temperature dependencewhich ismore pronounced as the field orientation
approaches AMROmaxima. The observed different behaviour ofmagnetoresistance is associatedwith change of
effective dimensionality withfield orientation.Most interestingly, in theCDWx state, there is a reentrant
metallic behavior of themagnetoresistance below 3K for positions corresponding toAMROmaxima.

In connection to our results, we find that the Seebeck effect exhibitsmore 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 newCDWphase, CDWy phase,
and the coexistence of theCDWandmetallic state at bothAMROmaxima andAMROminima orientations of
themagneticfield. Figure 10 shows the evolution of the total interlayer Seebeck effect in

BEDT TTF KHg SCN2 4( ) ( )a - - with the temperature, Szz(T), for different tilt angles andmagnetic field
strengths. Our results reveal substantial differences in theT− dependent profiles of the Seebeck effect
depending onwhether themagnetic field is oriented alongAMROmaximumorAMROminimum.

For amoderatemagnetic field of 15T applied parallel to the temperature gradient (θ= 0°) there exist only
two different states, CDW0 and normal state, over a restricted temperature interval (figure 10(a)). Indeed, below
8.5K aCDW0 state is developedwith a Szz(T)= A+ B/T+ C/T2 dependence, whereA,B andC are constants.
Above 8.5K there is a normal state with Szz(T)=D+ ET dependence, whereD andE are constants. Here thefirst
constant term is regarded as the contribution of electronic interaction and the second term is carriers’ diffusion
component. Obviously, the case for θ= 0° is distinct than the other field orientations as it is characterizedwith
two strictly separated states, CDW0 andmetallic state, with a smooth crossover frommetallic to CDW0 at a
transition temperatureT= 8.5K (figure 10(a)). The reason for thatmight be that the FS is completely
reconstructedwith the transition into theCDW0 statewhen a temperature of 8.5 K is reached. The Seebeck effect
is positive at temperatures up to 11K (it reaches zero at 11Kwhich corresponds to perfect FS nesting) although
decreasingwith increasing temperature. This indicates that the imperfect FS nesting begins below 11K and is
completed at 8.5 K atwhich the system smoothly transitions into theCDW0 state.

For amagnetic field of 20 T oriented along the first AMROminimum (θ= 26°) the temperature dependence
of the Seebeck effect displays amore complex behaviour (figure 10(b)). Interestingly, in this case, theCDW0 state
emerges below 5Kwith a Szz(T)= F+G/T+H/T2 dependence, where F,G andH are constants, while in the
interval 5K-8.5 K Szz(T)= I/T2 (I is a constant)which is a behaviour describing the phase transition from
metallic to the low temperature CDW0 state. Above 8.5 K there exists amixed state with a
Szz(T)∼ J+ KT+ L/T2 dependence (J,K and L are constants). It is evident that when themagnetic field is
oriented at the first AMROminimum location thewhole picture changes significantly sincewith 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 normalmetallic state above 8.5 K is now amixed state which is
a combination of ametallic behaviour and another one revealedwithin the emphasized phase transition
occurring below 8.5K down to 5K. 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 Kwhile the FS reconstruction is completed at
around 5K. This is an indication that the obtained 1/T2 behaviour for the Seebeck effect is due to the nesting
features in the electron energy spectrum.Once the FS reconstruction is completed, below 5K, the sameCDW0

state is realized as the one obtained for θ= 0° infigure 10(a). The observed temperature dependence of Seebeck
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effect shows that the influence of FS nesting (the 1/T2 term in Szz(T)) is also reflected in theCDW0 state at low
temperatures while thermal activation over a band gap gives a 1/T dependence. The latter is associatedwith 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 theCDW0 state
in BEDT TTF KHg SCN2 4( ) ( )a - - .

At a highmagnetic field of 25T oriented along the AMROmaximum (θ= 45°) (figure 10(c)) the sample
Seebeck effect is proportional to aM/T4 (M is a constant) dependence below 4K. Above 4K a new state which is
a combination of normalmetallic state andCDW0 state with a Szz(T)=N+OT+ P/T+ R/T2 dependence (N,
O,P,R are constants) is realized. The newly observed behaviour of the Seebeck effect (∼ 1/T4) below 4K,
although this temperature dependence ismore reliable below 3K, describes the thirdCDWstate occurring just
below θ= 45° and on the edge of the kinkfield transitionBK= 25T. Interestingly, with the rotation of the
magnetic field above θ ∼ 40° the CDW0 state still survives togetherwith themetallic one even at temperatures

Figure 10.Temperature dependence of the interlayer Seebeck effect, Szz(T), in BEDT TTF KHg SCN2 4( ) ( )a - - obtained for
differentmagnetic field strengths and orientations: a) θ = 0°,B = 15T; b) θ = 26°,B = 20T and c) θ = 45°,B = 25T. The prominent
change in theT dependence of the Seebeck effect is evident with increasing tilt angle andmagnetic field strength.
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above 8.5 K,where only themetallic state is expected. This indicates that the angular effects are indeed significant
in the distribution of theCDWorder in this organic conductor. Consequently, the rotation of themagnetic field
causes the FS reconstruction (accompaniedwith appearance of small closed pockets on the sides of the FS aswell
as new open orbits) to happen at higher temperatures and hence the presence of theCDW0 state is detected at
temperatures slightly above the transition temperature.

We note that the temperature dependence of themagnetoresistance shows that it ismetallic formagnetic
field orientation corresponding to anAMROminimumand nonmetallic at all otherfield orientations [24]. On
contrary, the temperature dependence of the Seebeck effect shows that the nonmetallic behaviour is observed for
bothAMROmaximumandminimum (except for θ= 0°)which is a rather expected behaviour as the AMRO
maxima andminima coincide with themid-angle positions in the Seebeck angular resonant-like features
(figure 4).

The proposedT− θ phase diagram infigure 11 (which has not been given by far) shows the possible CDW
regions in BEDT TTF KHg SCN2 4( ) ( )a - - . In addition, the phase diagram reveals presence of other states
within a given temperature and angular range. Themetallic→ CDW0 transitionmost probably occurs forfield
orientations between thefirst AMROminimum (θ= 26°) and secondAMROmaximum (θ= 45°)within a
certain temperature interval abovewhich there is amixed state for the same range of angles.With increasing
angle theCDWy state appears above θ∼ 40° and only at low temperatures below 4K.On the other hand, with
increasing temperature above 4K this state is replaced by another onewhich demonstrates properties similar to
bothCDW0 andmetallic state.

4. Conclusions

Detailed studies of the interlayer Seebeck effect of organic conductor BEDT TTF KHg SCN2 4( ) ( )a - - as a
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 farmore complex than previously
anticipated, especially in its response to amagnetic field orientation.Wefind that the formation of theCDW0

state ismainly due to the FS reconstruction as a result of themagnetic breakdown effect since the onsetmagnetic
field for this state is near themagnetic breakdownfield.However, the electron-phonon couplingmight be also
an importantmechanism in formation of theCDW0 state in BEDT TTF KHg SCN2 4( ) ( )a - - as evident from
the temperature dependence of the interlayer Seebeck effect. Our studies confirm and advance previous findings
on the existing of several different CDWstates in the organic conductor BEDT TTF KHg SCN2 4( ) ( )a - - and
reveal that in this system the electronic structure is farmore complex than previously anticipated.Wefind that a
thirdCDWstate develops at low temperatures below 3K at angles above θ= 40° andfields above the kinkfield.
At these angles andfields the highfieldCDWx state with a field dependentwavevector is replaced by theCDWy

state with an angle dependent wavevector. In addition, wefind that the thirdCDWstate resembles some of the
properties of the CDW0 state but the FS is less imperfectly nested than in theCDW0 state. The temperature

Figure 11.The tentativeT − θ phase diagramof BEDT TTF KHg SCN2 4( ) ( )a - - . Solid lines are guides to the eyes. The three
possible CDWregions and themetallic state are indicated in a given temperature and angular interval. Themetallic → CDW0

transitionwhich ismost probably triggeredwhen themagnetic field orientation is along thefirst AMROminimum, the possiblemixed
state as well as the existence of a combination of CDW0 andmetallic state are presented. The temperature-angular interval for the
CDWx 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] forT = 4K (figure 3(a)).
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measurements reveal substantial differences in theT− dependent profiles of the Seebeck effect depending on
whether themagnetic field is oriented alongAMROmaximumorAMROminimum. This allows to specify the
temperature interval of existence of each of theCDWstates for a givenmagnetic field strength and orientation as
well as to reveal the presence of other possible states and transitions in BEDT TTF KHg SCN2 4( ) ( )a - - that
have not been previously detected bymagnetoresistance and/ormagnetizationmeasurements.
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