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Abstract. Magnetic field dependence of the thermopower and Nernst effect of the multiband organic conductor @ — (BEDT —
TTF),KHg(SCN)y, is theoretically studied at low temperatures in the charge density wave (CDW) state, to fields of 30 T and several
field directions. A theoretical model of quantum interlayer tunneling for the q1D charge carriers is used to probe the thermoelectric
effects in the CDW state. The contribution from the 2D carriers is calculated by using the Boltzmann transport theory. The
background components of the thermopower and Nernst effect as well as the quantum oscillations that originate from the closed
Fermi surface orbits are analyzed. The model implies that in the CDW state, the properties of @ — (BEDT — TTF),KHg(SCN), are
determined mostly by the orbits on the new open Fermi sheets. This is in accord with the previously reported CDW scenario of the
low temperature state of @ — (BEDT — TTF),KHg(SCN), with imperfect nesting of the open Fermi surface sections.

INTRODUCTION

The quasi-two-dimensional (q2D) organic conductor, @ — (BEDT — TTF),KHg(SCN)4 (where BEDT-TTF denotes
bis(ethylenedithio)tetrathiafulvalene), has been extensively investigated in recent years for unusual electronic proper-
ties [1, 2]. The Fermi surface (FS) of this salt contains both a q2D cylinder and a pair of weakly warped open q1D
sheets. The q1D and 2D bands are separated by a substantial gap near the Fermi level. At T}, = 8 K, the system
undergoes a phase transition from metallic to an insulating charge density wave (CDW) state due to the nesting of
sheet-like FS. Although in the CDW phase where no quasi-one-dimensional (q1D) FS sheet should survive, there
appear clear angle-dependent magnetoresistance oscillations (AMRO) similar to the Lebed resonance, which is char-
acteristic to q1D FS. Also, below T, and at intermediate magnetic field (B ~ 23 T), there are profound changes in
the magnetoresistance which are indicative of a first-order phase transition in the electronic structure at the so-called
’kink transition field’, By [3, 4]. The kink field B, defines the high field regime where the zero-field state CDW,) is
transformed into the CDW; state with a field-dependent wavevector. This critical field clearly indicates that a magnetic
field has a profound effect on the ground state of this compound.

Over past few years there has been a rising interest in experimental and theoretical research of the magnetother-
mopower , i.e. Seebeck (longitudinal magnetothermopower) and Nernst (transverse magnetothermopower) thermo-
electric effect in organic conductors with q1D and g2D electron energy spectrum in a magnetic field [5, 6, 7, 8].
Magnetothermopower studies yield information about both the thermodynamic and transport properties of charge car-
riers. The investigation of magnetothermopower opens new possibilities of studying the electronic structure of the
organic conductors since the thermoelectric effects are significantly more sensitive to the electron energy spectrum. It
may also be used to explain electron-electron and phonon interactions in organic metals as well as the acoustic energy
absorption at high frequencies.

The purpose of the present study is to probe the low-temperature state, i.e. the CDW state of the multiband organic
conductor @ — (BEDT — TTF),KHg(SCN), through how the magnetothermopower changes with the magnetic field
magnitude and direction when the temperature gradient is directed along the least conducting axis in this material, the
b-axis.
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THEORETICAL MODEL FOR THE MAGNETOTHERMOPOWER

In general, magnetothermopower contains two components: the background which is sensitive to the FS topology, and
an oscillatory component which is a manifestation of the Landau quantization of the closed orbit FS. A theoretical
model which involves a magnetic breakdown effect (MB) between the q1D and 2D bands is proposed in order to
simulate the total and background magnetothermopower of @ — (BEDT — TTF),KHg(SCN), in the CDW state.

In order to explore the changes in the background thermopower and Nernst effect in the CDW state, a quantum
model of the interlayer magnetotunneling for the q1D charge carriers [6] for an arbitrary magnetic field direction
B = (Bcos¢sin6, Bsin ¢ sin 6, B cos 0) is used

27
1D g1 2 1
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where

a(B,Q) = 4exp( -
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Here, o is the electrical conductivity of the q1D carriers in the absence of a magnetic field, ¢ and [ are the
interlayer and in-plane spacing, 7 is the electron relaxation time, k¢ is the Fermi wave number, Q is the cyclotron
frequency, A, is the CDW gap energy, O, and Q. are the in- and out-of-plane components of the wave vector Q of the
CDW state, Jy and Jy are the Oth and Nth order Bessel function.
The interlayer electrical conductivity o2 from the q2D charge carriers is calculated by using the Boltzmann

transport theory

R0 ) ()
o = crz{ﬂ@xﬂo(nx) + 2h2(12<§ )Z s i )Z . k2)}. 3)

where h = e’”—l; V1 + x2, x = tan §, o, is the electrical conductivity of the q2D carriers along the layers in the absence
of a magnetic field and ¢ = ckp cos ¢, n = ckp sin ¢.

At low enough temperatures where the condition Q7 > 1 is satisfied, the quantization of the energy of electrons
whose motion in the plane orthogonal to the magnetic field is finite should be taken into account. Their states belong
to the q2D closed orbits of the FS since the q1D part of the FS is an open orbit, and therefore does not undergo
Landau quantization. The oscillatory part of the coefficients is deteremined mainly by the oscillatory dependence on
the inverse magnetic field 1/B of the relaxation time 7(g) that result from the summation over the electron states in the

incoming term of the collision integral [9]. In the Born approximation, for Q2 < ¢, the relaxation time is given by

L s Aosc’ @
(&) To
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Here, 71 is the Planck constant divided by 27, 7 is the nonoscillatory part of the relaxation time, 7, is the interlayer
transfer integral, ®(kA) = kA/sinh(kA) is the temperature damping factor where A = 27%kpT /hQ < 1, and kg is
the Boltzmann constant. S n,x and S i, are two extremal cross-sections of the Fermi surface by the plane pg=const.
As a result, the thermoelectric coefficient a,,, which is proportional to the relaxation time 7, acquires an oscillatory
component @y ~ 0790 /Ou. pt is the chemical potential.

With 1nc1us1on of Tosc, calculations yield the following asymptotic expressions for the oscillatory with 1/B part

of the interlayer thermoelectric coefficients «2°¢ and )¢
kT cprtanf) : F o1
a9%¢ = 3 B oo K 7 Jg( P Fh )Z(—] Yk PD(A)Rs (k)R p(k)Rw (k) sin (27rk(§ - 5)) (6)
e (tchQ cos 6) k=1
SZSC OSC tan 0 sin ¢. @)
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Here F' = um/he cos 6 is the fundamental frequency, Rg (k) = cos(kmrg/ cos 6) is the spin splitting damping factor,
g is the conduction electron g-factor. Rp(k) = exp(—nk/Q7) is the Dingle factor and Ry (k) = Jo(4rkt./h€2) describes
the interlayer coupling. When two types of charge carriers are involved in the transport one should also sum up the
corresponding contributions to obtain the total magnetothermopower.

The corresponding components of the total interlayer thermopower (Seebeck effect) and Nernst effect are deter-
mined as following

~ ﬂzk%?T L 9o a,g)zSC and - ﬂzk%}T 1 O, a;')ZSC 8)
T 3e o, Ou o 7 3¢ o, tanfsing du oy
RESULTS AND DISCUSSION

Fig. 1 shows the theoretically simulated curves of the magnetic field dependence of total thermopower (Seebeck
effect) and Nernst effect, by using the egs. (8), for temperature gradient along the crystallographic direction b (or
coordinate axis z), S ;; and Ny, at T = 0.6 K, in the CDW state of @ — (BEDT - TTF),KHg(SCN),4. The magnetic field
is rotated from the b-axis to the a-axis (or coordinate axis y) for 6 = 26° and 6 = 45° at fixed in-plane angle ¢ = 30°,
counted from the c-axis. The selected 6 angles correspond to the first dip and peak in the angular magnetoresistance
oscillations (AMRO) as obtained from the AMRO studies in this material in the CDW state [7, 8].
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FIGURE 1. Magnetic field dependence of the total a) Seebeck and b) Nernst effect, S..(B) and N,,(B), at T = 0.6 K in the CDW
state of @ — (BEDT — TTF),KHg(SCN), at field tilted for 8 = 26° (blue curves) and 8 = 45° (red curves) from the b-axis and fixed
in-plane angle ¢ = 30°.

Quantum oscillations in magnetothermopower, associated with Landau quantization are observed above B=8
T, the threshold field at which the a-frequency oscillations emerge. In the present case, at 7 = 0.6 K, the energy
spectrum consist of Landau levels of only the @ orbit since the higher harmonics of the fundamental « orbit have not
been revealed in the oscillation frequency spectrum. Calculations are performed with the corresponding fundamental
frequency for each field direction from the b-axis: F,; = 845 T for 6 = 26° and F,, = 1135 T for § = 45°.
The suppression of the quantum oscillations at higher angles from the b-axis is associated with the decrease of the
amplitude of the fundamental a orbit with tilting the field towards the layers plane. The attenuation of the oscillations
below By ~ 23 T is due to the so-called "kink field’- induced phase transition.

The background magnetothermopower is determined by the first terms of .. and Ny, in eq. (8). The total back-
ground Seebeck and Nernst effect (solid curves) are hole-like, i.e., positive for selected field directions as shown in
Fig. 2. The Nernst effect dominates by far which can be attributed to the phonon drag effect resulting from the electron-
phonon coupling. Calculated contributions from the two types of charge carriers show that at low temperatures the
behavior of the CDW state in @« — (BEDT — TTF),KHg(SCN), is determined completely by the q1D carriers (doted
curves in Fig. 2) whose states belong to the new open orbits of the FS due to the reconstruction below the transition
temperature 7',. The existence of the open sheets on the FS below 7', is in a good agreement with the model given
in Ref. [10]. Previous reports on low-temperature magnetoresistance indicate that it is determined by the open orbits
only in fields below 10-15 T [11, 12, 13].
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FIGURE 2. Magnetic field dependence of the background a) Seebeck and b) Nernst effect, S b .(B) and Nb (B),at T = 0.6 K in the
CDW state of @ —(BEDT — TTF),KHg(SCN), for magnetic field tilt 6 = 26° (blue curves) and | 9 45° (red curves) from the b-axis
and fixed in-plane angle ¢ = 30°. The solid curves are the total background Seebeck and Nernst effect. Doted lines represent the
contribution from the q1D carriers and dashed lines the corresponding contribution from the q2D carriers.

Present results on low-temperature magnetothermopower in @ — (BEDT — TTF),KHg(SCN), indicate that it is
determined completely by the q1D carriers on the new open FS orbits to fields of 30 T, including the CDWj state
above the kink field’, By ~ 23 T. This indicates that the open FS sheets can still survive in the CDWj state but their
effect on the magnetothermopower is weakened (S2. and foz decrease with increasing filed above Bj) compared to
that in the CDW|, state. Since the magnetothermopower is non-vanishing at given field directions it follows that the
nesting of the original q1D open sheets is imperfect.

CONCLUSION

A theoretical model for the q1D and 2D band is proposed in order to simulate the magnetothermopower in a —
(BEDT — TTF),KHg(SCN),4. Analysis of the background components imply that at low temperatures, in the CDW,,
and CDW; state, the properties of @ — (BEDT — TTF),KHg(SCN), are determined by the electrons on the new open
Fermi orbits. Quantum oscillations observed in the both thermoelectric effects, at fields above 8 T, originate only from
the a orbit. These results corroborate and advance previous findings on magnetothermopower in this material.

REFERENCES

[1] M. Oshima, H. Mori, G. Saito, and K. Oshima, Chem. Lett. 7, 1159-1162 (1989).
[2] T. Sasaki and N. Toyota, Phys. Rev. B 49, p. 10120 (1994).
[3] J. S. Qualls, L. Balicas, J. S. Brooks, N. Harrison, L. K. Montgomery, and M. Tokumoto, Phys. Rev. B 62,
p- 10008 (2000).
(4] C. Proust, A. Audouard, A. Kovalev, D. Vignolles, M. Kartsovnik, L. Brossard, and N. Kushch, Phys. Rev.
B 62, p. 2388 (2000).
[5] 0. Galbova, O. Kirichenko, and V. G. Peschansky, Low Temp. Phys. 35, 810-814 (2009).
[6] K. Uchida, T. Konoike, and T. Osada, Physica B 405, S221-S223 (2010).
[7] D. Krstovska, E. Steven, E. S. Choi, and J. S. Brooks, Low Temp. Phys. 37, 950-958 (2011).
[8] D. Krstovska, E. S. Choi, E. Steven, and J. S. Brooks, J. Phys.: Condens. Matter 24, p. 265502 (2012).
[9] A. A. Abrikosov, Fundamentals of the theory of metals (North-Holand, Amsterdam), pp. 201-202.
[10] N. Harrison, E. Rzepniewski, J. Singleton, P. J. Gee, M. M. Honold, P. Day, and M. Kurmoo, J. Phys.:
Condens. Matter 11, 7227-7242 (1999).
[11] M. V. Kartsovnik, D. V. Mashovets, D. V. Smirnov, V. N. Laukhin, A. Gilewski, and N. D. Kushch, J. Phys.
14, 159-166 (1994).
[12] R. H. McKenzie, G. J. Athas, J. S. Brooks, R. G. Clark, A. S. Dzurak, R. Newbury, R. P. Starret, A. Sk-
ougarevsky, M. Tokumoto, N. Kinoshita, T. Kinoshita, and Y. Tanaka, Phys. Rev. B 54, p. R8289 (1996).
[13] M. V. Kartsovnik, A. E. Kovalev, V. N. Laukhin, I. F. Schegolev, H. Ito, T. Ishiguro, N. D. Kushch, H. Mori,
and G. Saito, Synth. Met. 70, 811-814 (1995).

050006-4


http://dx.doi.org/10.1246/cl.1989.1159
http://dx.doi.org/10.1103/PhysRevB.49.10120
http://dx.doi.org/10.1103/PhysRevB.62.10008
http://dx.doi.org/10.1103/PhysRevB.62.2388
http://dx.doi.org/10.1103/PhysRevB.62.2388
http://dx.doi.org/10.1063/1.3253405
http://dx.doi.org/10.1016/j.physb.2010.02.031
http://dx.doi.org/10.1063/1.3670035
http://dx.doi.org/10.1103/PhysRevB.54.R8289
http://dx.doi.org/10.1016/0379-6779(94)02660-Q

