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Abstract: We have detected a large Nernst effect in the charge density wave state of the multiband
organic metal « — (BEDT — TTF),KHg(SCN)4. We find that apart from the phonon drag effect,
the energy relaxation processes that govern the electron-phonon interactions and the momentum
relaxation processes that determine the mobility of the q1D charge carriers have a significant role in
observing the large Nernst signal in the CDW state in this organic metal. The emphasised momentum
relaxation dynamics in the low field CDW state (CDW)j) is a clear indicator of a presence of a
significant carrier mobility that might be the main source for observation of the largest Nernst signal.
The momentum relaxation is absent with increasing angle and magnetic field, i.e., in the high field
CDW state (CDWYy) as evident from the much smaller Nernst effect amplitude in this state. In this
case only the phonon drag effect and electron-phonon interactions are contributing to the transverse
thermoelectric signal. Our findings advance and change previous observations on the complex
properties of this organic metal.

Keywords: Nernst effect; organic metal; charge density wave; quantum oscillations, relaxation
processes

1. Introduction

Thermoelectric effects provide an important information concerning the sign of the
transport carriers and may be useful for the study of the relation between the anisotropy of
the electronic bands and superconducting state, especially in multiband superconductors.
It is well known that measurements of the Seebeck effect (which is a longitudinal voltage
induced by a temperature gradient in a magnetic field) as a function of temperature yield
important information concerning not only parameters of charge carriers, but also the
nature of the electron—-phonon scattering in the system, which is especially important for
a class of materials such as are organic layered conductors, where strong Fermi-liquid
effects have been anticipated. The Nernst effect, which is an analogue of the Hall effect,
is the transverse voltage induced by a temperature gradient in a magnetic field. It is
considered as an important probe of strongly-correlated electron systems. The Nernst effect
was discovered in bismuth and experimental studies have shown that it is the dominant
thermoelectric response in this material [1]. Nernst effect is usually small in normal metals
but it is large in semimetals. In high-T. cuprates a large Nernst effect was observed in the
vicinity of the resistive transition temperature T [2] and also near the mobility edge [3].
A giant resonant Nernst signal was also discovered in some layered organic conductors
such are the quasi one-dimensional (q1D) organic conductors (TMTSF),PFq [4,5] and
(TMTSEF),ClOy [6]. In the former, a giant Nernst effect was detected in tilted magnetic
fields near the Lebed magic angles parallel to crystallographic planes. In the latter, a Nernst
effect with a greatly enhanced amplitude was found not only in the metallic state, but
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also at high fields in the fi eld-induced sp in de nsity wa ve st at e. For wh at concerns the 3¢
quasi-two dimensional (q2D) organic conductors, the magnetoresistance, Hall resistance s,
and magnetization have been studied in detail in many compounds [7]. However, the s
thermoelectric response which yields information about both the thermodynamic and s
transport properties of charge carriers has been less investigated. The q2D character of 4
electron energy spectrum of layered organic conductors distinguishes them from both 4
the two-dimensional materials and normal metals. While the magnetoresistance and Hall ..
effect studies were successfully utilized for the Fermi surface (FS) reconstruction of organic s
conductors and enabled to obtain an important information about the charge carriers, the 4.
investigation of the thermoelectric effects (especially in strong magnetic fields) allows to 45
obtain additional insights about the structure of the electron energy spectrum as these 4
effects are much more sensitive to the changes in the energy spectrum. The thermoelectric .
effects are also important for revealing the presence of the q1D FS open sheets in multiband 4
organic conductors. a0

In this work, we investigate the Nernst effect behaviour in a quasi-two dimensional, o
two-band organic metal « — (BEDT — TTF),KHg(SCN),. This organic conductor has been s,
an object of intense experimental studies for many years due to its unusual electronic s,
properties (see Ref. [8] and references therein.). The FS concise of both a q2D cylinder
and a pair of weakly warped open q1D sheets. The q1D and q2D bands are separated s,
by a substantial gap near the Fermi level. At T, = 8 K, the system undergoes a phase s
transition from metallic to a charge density wave (CDW) state due to the nesting of the
q1D open sheets. At the kink field Bg, the low field CDWj state is transformed into
the high field CDW, state with a field-dependent wavevector. Throughout the years .,
there have been many reports on the magnetotransport studies at low temperatures in 5,
this organic metal aiming to obtain information on the Fermi surface topology as well 4
as to explain the origin of the charge density wave state at temperatures below T, =8 K &
[9-13]. On contrary, the thermoelectric transport has not been studied in much detail. In &
that regards, our goal is to make a contribution in the investigation of the thermoelectric s
response in the given compound, especially at low temperatures. Our studies show thatat e
low temperatures, in « — (BEDT — TTF),KHg(SCN),, the thermoelectric response is mainly s
off-diagonal although both Seebeck and Nernst effect are detected. We have detected a s
giant angular resonant Nernst effect in the CDW state of « — (BEDT — TTF),KHg(SCN)s 7
similar to that reported in some q1D organic compounds. Furthermore, the magnetic field s
dependence of the Nernst effect reveals a resonant-like behavior with sign change at certain e
magnetic fields when the magnetic field is tilted at the magic angles. The temperature 7o
dependence reveals that the relaxation processes have a significant role in the observed
large Nernst effect in this compound. It also shows and confirms previous observations 7.
that, in « — (BEDT — TTF),KHg(SCN)4, there are different phases existing within a given =
temperature interval. 78

2. Materials and Methods 75

The single-crystal sample in this study was grown using conventional electrochem- 7
ical crystallization techniques, and was mounted on a rotating platform. Au wires were 7z
attached to the sample along the b- axis and on the edges of the ac-plane of the sample by 7
carbon paste for both the resistance and Nernst effect measurements, respectively (Fig. 1). 7
The resistance was measured by a conventional 4-probe technique. The sample was po- s
sitioned between two quartz blocks, which were heated by sinusoidal heating currents &
with an oscillation frequency fy and phase difference of 77/2 to establish a small tempera- 2
ture gradient along the b-axis. The details about the method used for the thermoelectric s
measurements are given in Ref. [14]. The direction of the magnetic field is arbitrary, s
B = (Bsin6cos ¢, Bsinfsin ¢, Bcos ), where 0 is the polar angle (measured from b-axis s
to ac-plane) and ¢ = 37° is the azimuthal angle (measured from c-axis in the ac-plane). a6
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Figure 1. The experimental setup for the Nernst effect measurements as a function of the magnetic
field strength and 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.

3. Results and Discussion 87

In the following we present a detail study of Nernst effect in the multiband organic ==
conductor « — (BEDT — TTF),KHg(SCN)4 with the magnetic field magnitude, orientation s
and temperature. The magnetic field and angular dependencies are obtained in the low s
temperature regime in the CDW state of the conductor. The Nernst effect investigation o
allows to obtain more insights about the behavior of different CDW states that develop in o2
this conductor as well as information on the driving mechanism for the CDW instabilities s
in « — (BEDT — TTF),KHg(SCN)4. Additionally, it may give information about the role of s
quasiparticles in the transport processes in multiband systems. o5

3.1. Angular Hall and Nernst effect oscillations %

The angular Hall resistance oscillations (AHROs) in the CDW|) state of « — (BEDT — o7
TTF),KHg(SCN)4 are shown in Fig. 2 for several fields: 10 T, 15T, 21 Tat T = 0.6 K. s
The Hall resistance quantum oscillations, associated with Landau quantization of the o
closed FS orbit are observed superimposed on the angular oscillations for each magnetic 100
field strength. Although in the CDW phase no q1D FS open sheets should survive, there 10
appear clear angle-dependent Hall resistance oscillations similar to the Lebed resonances, 102
which are characteristic for q1D organic conductors [15]. The AHRO maxima and minima 1o
appear at angles 0,y and 6pnin; where i = 1,2, 3, .... Interestingly, the dips in the Hall 104
resistance become sharp at angles above 6 = 60° whereas the first minimum occurring os
at Omin1 ~ 45° is rather broad especially with increasing magnetic field magnitude. This 106
is in contrast to the angular magnetoresistance oscillations (AMROs) behaviour in &« — 107
(BEDT — TTF),KHg(SCN); (see Fig. 2 in Ref. [16]) where the maxima in the angular ios
dependence are not as sharply pronounced as those in the AHROs. The Hall resistance 100
is negative indicating that, in « — (BEDT — TTF),KHg(SCN)y4, the in-plane transport is 110
mainly electron-like independently on the field direction with respect to the layers. An 11
important observation is that the AHRO maxima occur at angles at which AMRO minima 112
appear known as Lebed magic angles. Consequently, AHRO minima are observed at angles 13
at which AMRO maxima are detected. However, there is a slight shift between the AMRO 114
(AHRO) maxima (minima) seen only at angles below 6 = 60°. This can be more clearly s
identified from the corresponding curves presented in Fig. 5 below. With rotation of the 116
magnetic field towards the plane of the layers more charge carriers have been involved in 117
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Figure 2. Angular oscillations of the Hall resistance in « — (BEDT — TTF),KHg(SCN)y for several
fields: B=10T, 15T, 21 T at T = 0.6 K. The quantum oscillations are visible at each field magnitude
in the whole range of angles. The positions of some of the AHROs maxima and minima are indicated.

the transport processes which can account for the absence of a shift between the AMRO 116
(AHRO) maxima (minima) at angles above § = 60°. Interestingly, changes in the angle- 110
dependent Nernst effect also occur around this angle at each magnetic field magnitude. Our 120
results show that, in the compound under consideration, the thermoelectric transport is 121
more complex than previously anticipated as the large Nernst signal arises in total absence 122
of superconducting fluctuations. This opens a new window for investigation of the driving 123
mechanism for the CDW instabilities in « — (BEDT — TTF),KHg(SCN)4. 124

We present in Fig. 3 the angular dependence of the total Nernst effect in « — (BEDT — 125
TTF),KHg(SCN), for several fields: B = 10 T, 23 T,26 Tand 30 Tat T = 0.6 K. We 1z
have detected an angular Nernst signal with a large amplitude for each magnetic field 127
magnitude. Exceptions from this are certain angles as discussed below. We find that in  12s
« — (BEDT — TTF),KHg(SCN)4, the angular Seebeck effect (thermopower) [16] is much 12
smaller than the Nernst effect although the thermoelectric measurements are performed 130
for a longitudinal temperature gradient. Both effects show oscillations, but the transverse 1s:
component is clearly dominant as it is about 10 times larger than the longitudinal one. This 132
is also a case even for magnetic field orientations close to the less conducting axis (b-axis) 1ss
where the thermopower is expected to be the dominant thermoelectric response. The rather 1ss
complex nature of the observed angular Nernst signal in « — (BEDT — TTF),KHg(SCN); 135
is correlated with its multiband character as two kinds of carriers are involved in the 136
thermoelectric transport. The giant Nernst effect previously observed in some of the q1D a7
organic compounds with undetectable Seebeck effect has been ascribed to the vortex flow 13s
[4,5]. On contrary, the superconducting state in « — (BEDT — TTF),KHg(SCN), develops 130
below T, = 0.1 K and for a quasi-hydrostatic pressure of P. ~ 2.3 — 2.5 kbar [17]. This 140
indicates that, in the compound under consideration, the quasi-particles are responsible for 1
the observed large amplitude of the Nernst effect. 142

For obtaining a more detailed picture on the thermoelectric transport in « — (BEDT — e
TTF),KHg(SCN),4 one should study the behaviour of the two components, the quantum 1
oscillating component and the background term. The quantum oscillations are visible at 145
each magnetic field magnitude in the whole range of angles. Exception are only the angles 146
close to the layer’s plane at 15 T in the CDW|, state (Fig. 3c) where the total Nernst signal is 147
vanishing although it should not be zero because the transverse voltage is the largest along  1as
the y direction. The quantum oscillations are mainly due to the fundamental frequency 1
of the closed FS « orbit, F, = 671 T, which is present above B = 8 T. The oscillatory part 1so
of the transport coefficients is determined by the oscillatory dependence of the relaxation s
time T that result from the summation over all the electron states in the incoming term of  1s2
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Figure 3. a) Angular oscillations of the total Nernst effect in « — (BEDT — TTF),KHg(SCN)4 for
several fields: B=15T,23 T, 26 T and 30 T and T = 0.6 K. The Nernst effect quantum oscillations
are visible at each magnetic field magnitude in the whole range of angles and are the dominant
component in the total Nernst effect. b) The Nernst effect oscillatory curves are shifted for clarity.
¢) Angular quantum oscillations of the Nernst effect for T = 0.6 Kat B = 15T and B = 30 T differ
in amplitude and phase indicating that the system is driven from one into another CDW state with

increasing field and tilt angle.
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the collision integral. In the Born approximation, for fiw, < t¢, T ~ 19T°° where 71 is the  1ss

Planck constant divided by 27, w. = eB/m* is the cyclotron frequency, m™ is the cyclotron 1ss
effective mass, t. is the interlayer transfer integral, Tp and Tosc are the non-oscillatory and  1ss
oscillatory part of the relaxation time. The oscillatory part of relaxation time is a sum of the 1se
contributions from all extremal orbits, Seyt; = 27theF;, on the Fermi surface for a particular  1s7
orientation in a magnetic field Tosc ~ Y; A;(B cos8)'/2RrRsRp Ry cos(27( Bclzsﬂ — 1)), s
where Rt accounts for finite temperature effects, Rp for impurity scattering, Rg for spin- s
splitting effects, and Ryp for the magnetic breakdown effects. As a result of the oscil- 1e0

latory dependence of T, the thermoelectric coefficient «,, acquires an oscillatory compo- 16

0sc
nent a3 ~ 0y ag‘fc e~y and so the oscillatory part of the Nernst effect is N)E¢ ~ D:TZTZZ ~ 162

%yz Y Ai(Bcos8) 2RTRsRp Ry sin(ZN(ﬁ —1)). Itis large when a Landau level 1o
meets the chemical potential y and is damped when y is between two successive Landau  1es
levels. The amplitude of the Nernst effect quantum oscillations is much larger than that 1es
of the Hall resistance quantum oscillations (about 10? times larger) as can be seen by com- e
paring the Figs. 2 and 3. This is in correlation with the high fundamental frequency of e
the main oscillations, Fy, for u > fiw, which strongly increases the amplitude of the effect ies
when performing the derivative of the density of states over p. 169

The background Nernst effect shown in Fig. 4 reveals oscillatory features emphasizing 17
the resonant-like character of the effect. The resonance-like behaviour of the background 17
Nernst effect is evident at each magnetic field magnitude similar to that previously observed 172
in the angular dependence of the Seebeck effect [16]. Apart from that, the angular depen- 17
dence of the Nernst effect changes significantly with increasing magnetic field strength. 17s
This is a reflection of the complex electronic properties associated with existence of different 17s
CDW states in this organic metal. It should be specifically emphasized that all of the 17
Nernst effect curves show different behaviour above a certain tilt angle, . ~ 60°, which 177
corresponds to the second maximum in the Hall resistance angular dependence. Ata iz
lower field (B = 15 T), when the system is in the CDW|, state, the Nernst effect decreases 17
above 6. without changing the sign. A decrease in the Nernst effect amplitude is also s
seen at B = 26 T above 6, accompanied with a sign change around 6 = 85°. At B=30T, 1
the Nernst effect is zero at 6, above which is positive with a pronounced increase in the s
amplitude. For B = 26 T and B = 30 T the system is supposed to be in the CDWj state, 1es
but the observed distinct behavior of the Nernst effect around 6, implies that this is not = 1ss
the case. The curve obtained for B = 23 T demonstrates the most unusual behaviour as s
the Nernst effect constantly changes sign in the angular range between the first and third  1se
AHRO maximum. Most strikingly, the curve is mirroring its angular behaviour exactly 1er
at 6, which is not characteristic for the other curves. The observed different Nernst effect 1ss
behaviour, especially above 8., with or without a sign change, indicates that significant s
changes occur in the density of states. 100

In order to capture the magnitude of the observed Nernst signal at low temperature, 10
we present in Fig. 5 the AMROs, AHROs, Seebeck and Nernst effect angular oscillations  1e2
at B=15Tand T = 0.6 K. It is clearly seen that the amplitude of the Nernst effect is 103
exceeding by far the amplitudes of the other effects with an exception of a small interval of 104
field orientations near the layer’s plane where the Nernst signal is zero and the Seebeck 105
effect is the main thermoelectric response, although this should not be observed when the 106
temperature gradient is along the normal to layer’s plane. Beside the large amplitude, there 107
are other features that should be addressed concerning the behaviour of the angular Nernst 108
effect in the CDW state. The features observed in the angular Nernst effect for T = 0.6 K = 100
neither appear at the magic angles (where the peaks and dips in the AMRO and AHRO 200
are observed) nor are located at the mid angle positions. However, the latter was observed 201
in the Nernst effect angular oscillations for T = 4 K [18]. Another interesting observation  zo2
is that for T = 4 K, in the CDW)|, state, the Nernst effect is also oscillatory up to angles 20
6. ~ 60° but with a 10 times smaller amplitude than that for T = 0.6 K. However, for 2o
T = 0.6 K, the Nernst effect is the largest in the CDW|) state up to angles 6 ~ 70° (Fig. 4). =zos
This implies that at low temperatures, deep down in the CDW), there are some processes 206
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Figure 4. Angular oscillations of the background Nernst effect in « — (BEDT — TTF),KHg(SCN), for
several fields: B=15T,23T,26 T,30 T at T = 0.6 K. The positions of some of the AHRO maxima
and minima are indicated by the vertical dashed lines.
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Figure 5. Comparison of the angular dependence of magnetoresistance, Hall resistance, Seebeck
and Nernst effect in « — (BEDT — TTF),KHg(SCN)4 for B = 15 T and T = 0.6 K. The Nernst effect
amplitude is extremely large compared to the amplitude of magnetoresistance, Hall resistance and
thermopower in a wide range of angles with exception of the angles near the plane of the layers.

that are dominant leading to an existence of a large transverse thermoelectric response in  zo7
the current compound, and the Nernst effect is very sensitive to these low-temperature o8
processes. 200

By comparing the Figs. 2 and 4, one can see that the transverse thermoelectric transport 210
represents more remarkable signatures of the CDW transitions as the Nernst effect is very 21
different from the Hall resistance. This is because, in « — (BEDT — TTF),KHg(SCN)4, =12
Nernst effect is especially sensitive to both the Landau-level spectrum and energy gap in 213
the electronic structure. We find that both quantum oscillating and background component 214
of the Nernst effect, behave differently with increasing angle and field. At B = 15T the a5
amplitude of the quantum oscillations is of the same order as the background up to angles 216
6. ~ 60° while above this angle there is a sudden decrease in both components which 217
vanish for field orientations close to the plane of the layers. This behaviour however, is not 21
expected as the Nernst signal is supposed to be the largest when the generated transverse 21
electric field is the largest. With increasing field, at B = 23 T and B = 26 T, the quantum 220
oscillating component is dominant over the background one in the whole range of angles. 222
For B = 30 T the the quantum oscillating component is larger only below 6.. Fig. 4 shows 222
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that, above 6, ~ 60°, the Nernst effect amplitude is large only at high magnetic fields. In the  z2s
absence of systematic studies of the Nernst effect in other layered q2D organic systems, one 224
may speculate in several directions concerning the origin of the giant Nernst signal. We first = zzs
note that, due to change of the quantum Nernst effect component below and above 6. ~ 60°, 226
there might be a significant change in the quasiparticle density of states at the Fermi energy 227
which may lead to an enhanced Nernst signal. On the other hand, the background Nernst 2z
effect is intimately related to the off-diagonal component of the thermoelectric coefficient 220
tensor a,; which is the energy derivative of the off-diagonal conductivity component 0y, at 230

. . 2k2T 0 .
the Fermi energy, according to the Mott formula ay, = HT,B gzz le=y. Thus, if, 0y, changes  2s:

due to to a small change in the Fermi surface volume, this could also lead to an enhanced 232
ayz and hence to a sizable Nernst signal. Since Nernst effect is very sensitive to changes in 233
the Fermi surface this implies that, in « — (BEDT — TTF),KHg(SCN)4, large changes occur 23
in the out-of-plane electronic structure. 235

With investigation of the magnetic and temperature dependence of the Nernst effect, 236
in addition to the angular dependence, one can obtain information about the possible 237
sources for detection of the large angular Nernst effect in this multiband system. In regards 2:s
to that, the obtained magnetic field and temperature dependencies of the Nernst effect 230
(discussed below) suggest that the primary source of producing a large Nernst signal is not 240
the change of the quasiparticle density of states but the change of charge carriers relaxation 2s
times (i.e., the change of charge carriers scattering rates). Although the charge relaxation zs:
dynamics has not been much considered in studying the thermoelectric effects, in many 243
cases it can be dominant in producing a sizeable thermoelectric response, especially a 24
transverse one. However, we have detected a large angular Nernst signal in contrast to  zas
the observed much smaller magnetic Nernst signal (Fig. 7 below). This implies that the 246
observed giant angular Nernst effect is not only due to changes in the density of states 247
and scattering rates, but also due to changes in the charge carriers velocity, as they move 248
along different parts of the FS. Indeed, with changing the field orientation, the electron 24
trajectories along the corrugated FS also change. For specific field orientations the velocity zso
is more effectively averaged to zero and therefore, transport is reduced. For the Fermi 2s:
cylinder, the velocity vector along the cylinder axis goes to zero when all closed orbits have  zs:
a same area. For the open Fermi sheets, the velocity vector is reduced when the electrons  2ss
are not moving along the corrugation axis. This can explain the zero angular Nernst signal  zss
observed at certain angles in Fig. 4. Also, the Nernst effect is most clearly manifested 2ss
when the temperature gradient and the velocity vector of the q1D charge carriers are not  zse
perpendicular to each other [19]. This might be the reason for observing the largest angular =5
Nernst effect in the CDW|, state for angles below 6. and a zero Nernst effect for angles close  zss
to the plane of the layers (blue curve in Fig. 4). On the other hand, a large Nernst effectis  2s0
observed above 0. = 60° at a high field (green curve for B = 30 T in Fig. 4). The Nernst ze0
signal is positive and large as a result of the formation of a significant number of new closed 261
hole-like orbits obtained as a result of the magnetic breakdown effect. Considering thata ze:
field of 30 T is larger than the magnetic breakdown field (Byg = 20 T), many new closed  zes
orbits, with a different area are formed, and thus the q2D charge carriers velocity vector, zes
along the cylinder axis, significantly differs from zero. For B = 26 T (purple curve in Fig. zes
4), the Nernst effect is resembling that for 15 T for angles below 6. = 60° but is not zero for zes
field orientations close to the plane of the layers. It seems that, at high fields, the CDW( 267
state is still present for angles below 6., although the magnetic field for this measurement zes
is larger than the kink field Bx and the CDW, state is expected to be observed instead of zeo
the CDW,. However, above 6. the system is in the CDW, state due to appearance of new 27
electron-like closed orbits resulting from the magnetic breakdown. The peculiar behavior 27
of the Nernst effect for B = 23 T (red curve in Fig. 4) is correlated to the proximity of the 27
field (for which this angular dependence is obtained) to the kink field, Bx ~ 22 T, at which 273
the CDW, — CDW( transition occurs. Therefore, for B = 23 T, the Nenst effect curve 27a
is most probably a result of the mixing of contributions from several bands and hence it =7
reflects the properties of both the CDWy and CDW(, state. 276
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With rotation of the magnetic field from the direction of the temperature gradient =7~
towards the plane of the layers the average velocity of charge carriers along the z—axis, 27s
0, decreases but the average velocities along the x— and y—axis, 7y = 0, cos¢tanf and 27
0y = U;sin¢ tan, are rather large. This can lead to generation of a substantial in-plane  2s0
Nernst signal Ny . In other words, the in-plane Nernst effect component can be significant = 2e:
and its contribution can not be neglected as it can affect the overall behavior of the out-of- 262
plane Nernst signals due to mixing of the components of the thermoelectric tensor a;j. In 283
support to this scenario, Choi et al. [20] have shown that, at low temperatures, the in-plane  zsa
Nernst effect Ny, is large enough even when the magnetic field is applied along the b—axis, s
i.e., along the direction of the temperature gradient. 286

3.2. Resonant magnetic field Nernst effect 207

Fig. 6a shows the magnetic field dependence of the total Nernst effect in « — (BEDT —  2ss
TTF),KHg(SCN), obtained at T = 0.6 K and: 6 = 26°,45°. The angles correspond to the  zso
orientations of the magnetic field where the AHROs have a maximum and a minimum  2e0
(first maximum and minimum in Fig. 2) since the Nernst effect behaves differently at these zo:
orientations. At low temperatures, the magnetic Nernst effect is small compared to the 202
Seebeck effect [16]. The magnetic Nernst effect has a similar amplitude for orientations zes
corresponding to both the AHRO maximum and minimum. From Fig. 6b, which presents 2es
the magnetic quantum oscillations of the Nernst effect with the inverse magnetic field, =2es
one can see that the total magnetic Nernst effect is dominated by the quantum oscillating 206
component in fields above 8 T. The quantum oscillations are mainly determined by the 207
fundamental « frequency with a small contribution from its second harmonic only for =zes
Omax1 = 26°. There is no significant change in the amplitude of the magnetic quantum 200
oscillations on crossing the kink field Bx ~ 24 T, i.e., with the transition from CDWj to 300
CDWj state. This is opposite from what was observed for the angular quantum oscillations  so:
where the amplitude of the oscillations changes significantly depending if the field, for so
which a given angular dependence is obtained, is below or above the kink field Bg. This  sos
implies that, if indeed there are changes happening in the out-of-plane electronic structure sos
in this organic metal, as suggested by the angular Nernst effect behaviour, than these os
changes are greatly triggered by the magnetic field rotation and are manifested mostly in  ses
the Nernst effect and not in the Seebeck effect (as evident from the large angular Nernst o
effect in this work and the small angular Seebeck effect in the Ref. [16]). 308

The background Nernst effect shown in Fig. 7 also manifests minimum and maximum  soe
features in the magnetic field dependence similarly to those previously observed in the 10
background Seebeck effect in Ref. [16]. However, the features seen in the Nernst effect are 31
slightly more pronounced (especially with increasing angle) although the Seebeck effect 1.
is exceeding the Nernst effect. For angles close to the b—axis (max1 = 26°, corresponding =1
to the first AHRO maximum) Nernst effect shows weak oscillatory features and changes 14
sign at B ~ 18 T and also around B ~ 30 T. The electron-hole asymmetry in the CDW; s
state is evident as the transport changes from electron-like to completely hole-like. In the 316
CDWj state, the Nernst signal changes significantly at Byin ~ 5 T from a relatively linear = s17
(below Bpin) to an approximately linear (increase in slope) with field. For 04y = 26°, the 316
dip-to-dip Nernst effect amplitude changes linearly with field as shown in the inset in Fig. 310
7. The negative Nernst effect below 18 T, in the CDW)|) state, indicates that the transportis 320
essentially electron-like due to the electrons on the open Fermi sheets. This, on the other = sz
hand, confirms that the small closed orbits do not form in the CDW, state after the Fermi  sz-
surface reconstruction, i.e., there are only open electron orbits in this state. However, since 23
magnetic breakdown effects take place around B = 20 T, the probability for formation of s2a
closed hole orbits is increasing with increasing field. 325

With tilting the field at the first AHRO minimum (8pin1 = 45°), the oscillatory features s26
become more prominent but the Nernst effect is in general small. An important observation 27
is that, when the field is located at the AHRO minimum, the Nernst effect changes sign 2.
first at a low field, then in between 10-18 T and again just before entering the high-field 320
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Figure 6. a) Magnetic field dependence of the total Nernst effect in « — (BEDT — TTF),KHg(SCN),4
obtained at T = 0.6 K and different angles: § = 26°,45° that correspond to the first maximum
and first minimum in the Hall resistance angular oscillations, respectively. b) Magnetic quantum
oscillations of the Nernst effect with the inverse magnetic field at the same angles (B is in the range
10-30 T). The quantum oscillations display a complex structure with multiple periodicities.

CDW, state where it becomes negative. Above the kink field for this angle, Bx = 25 330
T, the Nernst signal is weakly field dependent resembling the behaviour of the Seebeck = ss:
effect but with a smaller amplitude. Here the field dependence from linear changes to 332
a non-linear at Byyin ~ 3.5 T. The sign change in the field range B = 10 — 18 T is due to a3
formation of new electron and hole closed orbits as a result of the magnetic breakdown. In s34
that way, with increasing angle and field both types of charge carriers become involved sss
in the thermoelectric transport while their dominance changes with increasing field. For s
this field orientation, the closed electron/hole orbits are formed much below the magnetic 337
breakdown field. The different Nernst effect behaviour with the magnetic field from that sss
observed for 6p,ax1 = 26° shows that the q1D charge carriers are not the dominant carriers sao
with increasing angle but the role of the q2D carriers becomes essential in the transport s«
processes at moderate fields of 10 T. sa1

The charge carrier concentration changes depending on the magnetic field direction = ss2
(maximum or minimum location). Although the carrier density # is difficult to estimate for sas
the present metal with both open and closed bands, we could obtain 71 (fmax1) = 6.9 X 1018
cm ™3 and n(0pin1) = 1.6 x 10! cm™3 for B = 15 T by using the simple relation n = 34
1/eRy. Since n(6) decreases with rotation of the field at the location of the first minimum, 34
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Figure 7. Magnetic field dependence of the background Nernst effect in a« — (BEDT —
TTF),KHg(SCN)y4, N;’Zac (B) after filtering out the quantum oscillation component. The minimum and
maximum features that appear in the field dependence at different field orientations are evident. The
arrows indicate By, which is angle-dependent and decreases with increasing tilt angle. The inset
shows the magnetic field dependence of the dip-to-dip amplitude of the Nernst effect at 0,51 = 26°.

the amplitude of magnetic Nernst effect quantum oscillations slightly grows and their s
frequency becomes smaller (Fig. 6b). For these carrier concentrations, giant angular Nernst s
quantum oscillations with a single frequency are observed. Taking into account that these 34
are not very high carrier concentrations and given that the in-plane conductivity is large sso
it follows that the carrier mobility, up = o/en, will be high. Also, as n(f) changes with  ss:
the field rotation from the AHRO maximum to the AHRO minimum the charge mobility ss2
changes rapidly with the rotation of the field from the AHRO maxima to the AHRO minima. sss
We further investigate, with the temperature dependent measurements of the Nernst effect, ssa
what processes contribute to the rapidly changing carrier mobility, which can significantly sss
contribute to the Nernst effect enhancement in the given compound. 356

3.3. Temperature dependence of the Nernst effect 357

The temperature dependence of the out-of-plane Nernst effect presented in Fig. 8 s
shows that the effect is strongly nonlinear in the given temperature range and the temper-  sso
ature profile changes significantly with increasing field and angle. One striking feature sso
of Fig. 8a is the presence of a large negative Nernst signal in the CDW, state and even se
larger Nernst effect in the mixed state. The Nernst effect has a magnitude drastically se
exceeding what is expected for a multiband system. A large Nernst effect has been also e
discovered in some Bechgaard salts for fields oriented along the magic angles [5] and in  es
some heavy-fermion compounds [21]. More interestingly, our results show that the Nernst ses
effect in the organic metal « — (BEDT — TTF),KHg(SCN),4 has a very similar behavior ses
and size compared to that in heavy-fermion superconductor CeColns [22]. This indicates se7
that quasiparticels can lead to a large Nernst signal in total absence of superconducting  ses
fluctuations. 369

For a magnetic field of 20 T oriented along the first AHRO maximum (0ax1 = 26°) 370
the temperature dependence of the Nernst effect shown in Fig. 8a reveals there isa CDWjy 37
state below 8 K with a N,(T) = A+ B/T + CT® + DT® dependence (A, B,C and D are s
constants). Above 8 K, instead of the expected metallic behaviour, a mixed state with a 37
Nyz(T) =E+FT+GT®+HT® dependence (E, F, G and H are constants) is realized. The 37
Nernst signal changes sign from positive to negative around 6 K indicating a change in  s7s
the dominant charge carriers in the thermoelectric transport. The observed broad positive a7
and negative maximum in Fig. 8a might be an indicator that there is a thermally induced 7~
counterflow of electrons and holes when the field is oriented at the first AHRO maximum. s7s
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Our results reveal that the temperature profile is complex as several terms arising from sz
different processes appear in the temperature dependence. The thermal activation over an s
energy band gap gives a 1/ T dependence as expected since the system is driven into the = s
CDW| state. The presence of this term indicates that the electron-phonon coupling has an s
essential role in the transport processes at low temperatures and high fields. However, only = s
the phonon drag term does not provide a reasonable fit to the data. There are two additional ses
terms in the temperature dependence proportional to T and T°, respectively. This was  sss
not observed in the Seebeck effect temperature profile for the same field magnitude and s
orientation [16]. The presence of these terms in the given temperature dependence is ez
a clear indicator that the relaxation times (on which the components of the kinetic and  ses
thermoelectric coefficients depend) have different temperature dependence. The absence s
of the above terms in the Seebeck effect temperature dependence indicate that Nernst e
effect is much more sensitive to the change in the relaxation dynamics in this organic e
metal. The energy relaxation processes governing the electron-phonon interactions and the o2
momentum relaxation processes governing the charge carriers mobility are described by the 303
temperature-dependent scattering times, 7:(T) and 7,(T). The components of the electrical  sos
conductivity tensor 0;; depend on 7, and the components of the thermoelectric coefficient = ses
tensor a;; depend on ;. At temperatures much less than the Debye temperature Op, as itis 3o
in the case under consideration, the temperature dependence of 7, is different than that of = se7
T,. With the obtained T° and T° terms in the Nernst effect temperature profile, our results  ses
show that the energy and momentum relaxation processes might have an important role e
in observing the large Nernst signal, especially in the CDW|, state. For T < ®p, electron- ac0
phonon scattering processes make a significant contribution to the energy relaxation. In that 4o
case, T; is proportional to T? and the momentum relaxation time 1, is proportional to T> [19]. 402
The presence of the latter term indicates presence of a significant momentum relaxation sos
dynamics in the CDW) state. A significant gradient of charge relaxation processes can os
generate a sizeable contribution to the transverse thermoelectric signal. The observed aos
temperature dependence of the Nernst effect arises predominantly from the presence of the 406
q1D group of charge carriers in accordance with the picture of a reconstructed Fermi surface 407
with strongly corrugated open Fermi sheets in the CDW/ state. Thus, except for the phonon  4os
drag, the change of the electron scattering rates can lead to an unusually large Nernst effect 400
signal. As already known, peak structures in the temperature dependence of Nernst effect 410
appear as a result of the phonon drag effect (since Nernst effect is more sensitive to the 41
phonon drag effect than thermopower) but in this case the change in the electron scattering a2
rates additionally contributes to the observed large Nernst effect. It is known that the a1
momentum relaxation time is proportional to the charge carrier mobility, 7, = pge/m*. s
In that way, any change in 7, will lead to a change in the charge carrier mobility. If 7, a1
is large enough than there is a counter-flow of high mobility charge carriers (thermally a6
induced quasi-particles) that contributes in generating a large transverse voltage. Thisisin 417
agreement with previously obtained from the angular and magnetic field dependence of s
the Nernst effect. In that way, in a material with a changing carrier mobility, resulting from 10
changes in the relaxation dynamics, the Lorenz force acting on the slow and fast carriers 420
of the cold and hot ends of the sample will not be fully compensated which can lead to 422
a sizeable Nernst effect. Above 8 K, instead of observing only a metallic state, there isa 422
mixed state with a non-metallic behaviour in which the CDW], state still exists indicating a2s
that the FS is still reconstructed. The phonon drag effect is not affecting the Nernst effect 424
behaviour but the relaxation processes are not reduced up to T ~ 12 K. In the mixed state, 425
the momentum relaxation is adding more to the Nernst signal than the energy relaxation a2s
leading to a peak around 11.8 K. a27

For a magnetic field of 25 T oriented along the first AHRO minimum 6,jn1 = 45°, (Fig. a2e
8b) the Nernst effect has significantly smaller amplitude and a Nyz(T) = M+ N/T + LT® 4
dependence (M, N and L are constants) below 4.5 K. At this angle and field the CDWy 30
state (high field CDW state) is realized in « — (BEDT — TTF),KHg(SCN), below 4.5 K. 4
This shows that, in the high field state, Nernst effect is a result of the phonon drag effect 432
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Figure 8. Temperature dependence of the Nernst effect, Ny, (T), in « — (BEDT — TTF),KHg(SCN)4
obtained at: a) 0 = 26°, B = 20 T and b) 6 = 45°, B = 25 T. The prominent change in the temperature
profile of Nernst effect is evident with increasing tilt angle and magnetic field strength. The insets
show the predicted temperature profile of the Nernst effect outside of the measured temperature
range.

and electron-phonon interactions. The absence of the T° term for the CDW state excludes 433
the contribution from the momentum relaxation processes in this state. This refers to ass
the decrease in the carriers mobility with increasing angle and field. Above 4.5 K, a non- a3s
metallic behaviour is observed characterized with the following temperature dependence 436
Ny (T) = P+ QT + RT® (P,Q and R are constants). This implies that, a mixed state s
showing properties of a weakened CDW/ state and metallic state, is realized. Interestingly, a3s
mixed states have been also observed in the thermopower temperature dependence when 430
the magnetic field is located exactly at the AMRO maximum or minimum. No mixed state 440
is found when the field is along the normal to the conducting ac plane [16]. Obviously, s
the rotation of the magnetic field away from the temperature gradient direction, at the a2
the AMRO (AHRO) maxima and minima locations, brings the system into some kind of 4as
mix states which is an indication of a significant change in the electronic structure. The ass
transitions from a pure CDW state into a mixed state occur at different temperature. The s
apparent trend is that with increasing angle the transition is reached at a lower temperature. 46
This shows that, most probably, the FS is not completely restored in the given temperature s
range indicating that this organic metal has a very complex electron structure that changes 44
depending on the underlying conditions. It seems that the presence of a temperature s
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gradient contributes greatly to these changes by affecting the dynamics and flow of the aso
quasiparticles. The obtained temperature dependencies clearly show that the relaxation s
processes change when system transitions from one into another ordered state. Obviously, 4s:
they are most pronounced in the CDW|, state (Fig. 8a) while are strongly reduced in CDWy 453
state which is evident from the much smaller Nernst effect amplitude with increasing field ass
and angle (Fig. 8b). The predicted Nernst effect behaviour for temperatures outside of ass
the temperature range used in these measurements is seen from the insets in Fig. 8. The 4s6
presented results greatly contribute not only for revision of the previous findings about the s>
thermoelectric transport but also for obtaining information on the possible mechanisms  4ss
responsible for existence of different phases in the given organic metal. 459

4. Conclusions 460

In conclusion, we report on the study of Nernst effect in the quasi-2D organic metal s
« — (BEDT — TTF),KHg(SCN)4 showing charge density wave instabilities. The behaviour a2
of the Nernst effect with the angle, magnetic field and temperature is analyzed. We find 463
that in this multiband system the transverse thermoelectric response is dominant when the es
magnetic field is rotated from the least conducting axis towards the plane of the layers. A 65
combination of mechanisms including the phonon drag effect and the relaxation processes ass
can lead to the enhanced Nernst effect with a large amplitude similar to that reported 4e7
in some quasi-1D organic conductors and heavy-fermion compounds. The energy and 4ss
momentum relaxation processes have a significant role in observing the largest Nernst ases
signal in in the CDW| state. The obtained temperature dependence of the Nernst effect 470
when the field is oriented at the location of the first AHRO maximum shows that there
is a change in the momentum relaxation dynamics in the CDWj state with increasing a7
temperature. The momentum relaxation processes are absent in the CDWj state for which 47s
the main mechanisms are the phonon drag effect and electron-phonon interactions. We 474
suggest that, in this organic metal, due to changes in the relaxation dynamics there is 75
a change in the carrier mobility. When the momentum relaxation time is large enough a7
than there might be a counter-flow of high mobility quasi-particles that contributes toa 47
generation of a large transverse voltage. Thus, the Lorenz force acting on the slow and fast a7s
carriers of the cold and hot ends of the sample will not be fully compensated leading toa a7
sizeable Nernst effect. The observed giant angular Nernst effect is not only due to change s0
in the relaxation times and thus, in the charge carrier scattering rate, but also due to change  4s:

in the charge carriers velocity vector (which move along different parts of the FS) with <s2
respect to the temperature gradient direction).

Taking into account the change in the direction of the charge carriers velocity on
different FS parts, in relation to the temperature gradient, one can explain the observed
specific behaviour of the angular Nernst signal at certain angles.
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