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Abstract

After a brief introduction on unconventional density waves (i.e. unconventional charge den-

sity wave (UCDW) and unconventional spin density wave (USDW)), we discuss the magne-

totransport of the low temperature phase (LTP) of α-(BEDT-TTF)2KHg(SCN)4. Recently

we have proposed that the low temperature phase in α-(BEDT-TTF)2KHg(SCN)4 should be

UCDW. Here we show that UCDW describes very consistently the magnetothermopower of

α-(BEDT-TTF)2KHg(SCN)4 observed by Choi et al.
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1 Introduction

Recently many people have proposed unconventional charge density wave (UCDW) and un-

conventional spin density wave (USDW) as possible ground states in quasi-one and quasi-two

dimensional systems [1, 2, 3, 4, 5, 6, 7]. Unlike conventional DW[8], the order parameter in

UDW ∆(k) depends on the quasiparticle wave vector k and has nodes (i.e. ∆(k) = 0) on points

or on lines of the Fermi surface. Therefore we shall often refer to this state as nodal density

wave. Also it is known that the thermodynamics of UCDW and USDW is practically identical to

those in d-wave superconductors[5, 9]. Further the transition into UDW is a metal to metal one,

since the quasiparticle spectrum in UDW is nodal and gapless. On the other hand the average

over the Fermi surface of any first order term in ∆(k) vanishes implying no clear x-ray or spin

signal for UDW. Due to this fact UDW is often called the phase with hidden-order parameter[6].

The series of quasi-two dimensional organic conductors α-(BEDT-TTF)2MHg

(SCN)4 (where BEDT-TTF denotes bis(ethylenedithio)tetrathiafulvalene and M=K, NH4, Rb

and Tl) have attracted considerable attention in the last few years due to the richness of physical

phenomena observed[10, 11]. The M=NH4 compound becomes superconducting below 1.5 K,

while all the other compounds enter at Tc = 8−12 K into a specific low temperature phase (LTP)

which exhibits among other things striking angular dependent magnetoresistance (ADMR) [12,

13, 14, 15]. Although the nature of LTP was controversial until now, the magnetic phase diagram

and its pressure dependence[15] suggests that the LTP is a kind of CDW and not SDW.

Recently we have proposed that UCDW can account for many features of LTP in α-(BEDT-

TTF)2MHg(SCN)4 including the temperature and magnetic field dependence of the threshold

electric field [16, 17, 18, 19, 20, 21]. More recently we have succeeded in describing the main

features of angular dependent magnetoresistance in α-(BEDT-TTF)2KHg(SCN)4 in terms of

UCDW[22, 23]. The crucial ingredient of our theory is the Landau quantization of the quasi-

particle spectrum as discussed in Refs. [1, 2].

2 α-(BEDT-TTF)2MHg(SCN)4 salts

In layered compound α-(BEDT-TTF)2MHg(SCN)4 salts the conducting plane lies in the a-c

plane and the quasi-one dimensional Fermi surfaces are roughly perpendicular to the a axis[10].

In addition there is a quasi-two dimensional (i.e. elliptical) Fermi surface lying in the a-c

plane (see Fig. 1). Due to the nesting property, these systems undergo a density wave phase

transition, resulting in a wavevector dependent gap ∆(k) = ∆ cos(ckz). However ∆ sin(ckz)

gives the same quasiparticle spectrum in a magnetic field. In the following we shall discuss the

quasiparticle spectrum in a magnetic field[22, 23]. In order to describe a multidip structure as

seen in ADMR, we have to assume an extended imperfect nesting term. Then in the presence

of a magnetic field the imperfect nesting term breaks the particle-hole symmetry. This suggests

both anomalous Hall conductivity and thermoelectric power. The thermoelectric power in LTP
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Figure 1: The Fermi surface of α-(BEDT-TTF)2MHg(SCN)4 salt is plotted in the left panel. In the right one
the orientation of the magnetic field is shown with respect to the most conducting plane.

in α-(BEDT-TTF)2KHg(SCN)4 thus obtained is compared with a recent experimental result by

Choi et al.[24]. The present model describes very consistently both B and T dependence of the

thermopower with ∇T ||a though the experiment is limited for B||b∗. We predict also a striking

angular dependence of thermoelectric power, when the magnetic field is rotated out of the b∗

direction.

3 Quasiparticle spectrum in magnetic field

In the absence of magnetic field the quasiparticle energy in UCDW is given by[25]

(E + ε(k))Ψ = (−iva∂xρ3 + ∆ cos(ckz)ρ1)Ψ, (1)

where ρi’s are the Pauli matrices acting on spinor space of the left and right moving electrons

on the quasi-one dimensional Fermi surface and the imperfect nesting term ε(k) is given by[23]

ε(k) =
∞∑

n=0

εn cos(2b′nk). (2)

Eq. (1) is readily solved as

E = ±
√

(vakx)2 + ∆2 cos2(ckz)− ε(k), (3)

where kx, kz are wavevector components parallel to the a and c axis. We note here that the

imperfect nesting term breaks the particle-hole symmetry.

In the presence of magnetic field Eq. (1) is transformed as

EΨ = (−iva∂xρ3 + ∆ceBx cos(θ)ρ1)Ψ, (4)

where for the moment we ignored the imperfect nesting term and θ is the angle the magnetic

field makes with the b axis. Eq. (4) is readily solved as[1, 2]

E2 = 2nva∆ceB| cos θ|, (5)
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where n = 0, 1, 2, . . . . We note that Eq. (4) is the same as the Dirac equation in a constant

magnetic field and has been studied since 1936[26]. The Landau wavefunctions are given by

Ψ0 =

(
i
1

)
φ0, (6)

Ψn6=0 =
1√
2

[(
1
i

)
φn−1 ±

(
i
1

)
φn

]
, (7)

where φn is the n-th wavefunction of a linear harmonic oscillator with parameters ”mass” m =

1/2v2
a and ”frequency” ω = 2va∆ceB cos θ. From Eq. (7) it is obvious, that the n 6= 0 levels

are twofold degenerate, since Ψn6=0 is composed of the n − 1-th and n-th wavefunction of the

harmonic oscillator. Now making use of the Landau wavefunctions we evaluate the contribution

from the imperfect nesting term as perturbation. Then we get for the Landau levels

E0,1 = −E(1)
0 , (8)

E1,1 = ±E1 − E(1)
1 , (9)

E1,2 = ±E1 − E(2)
1 , (10)

and

En =
√

2nva∆ceB| cos θ|, (11)

E
(1)
0 = E

(1)
1 =

∑

m

εm exp(−ym), (12)

E
(2)
1 =

∑

m

εm(1− 2ym) exp(−ym), (13)

where ym = vab
′2eB| cos θ|(tan(θ) cos(φ−φ0)−tan θm)2/∆c, tan θm = tan θ0 +md0 and tan θ0 '

0.5, d0 ' 1.25, φ is the angle the projected magnetic field on the a-c plane makes from the c

axis and φ0 ' 27◦[12, 13, 14, 22, 23].

We note that the imperfect nesting terms splits the n = 1 Landau level into 2 nondegenerate

levels. Also as is the case in the absence of magnetic field, the imperfect nesting term breaks the

particle-hole symmetry. We will come back to this fact later when discussing the thermoelectric

power. Keeping just the n = 0 and n = 1 Landau levels, the ADMR is constructed as

R(B, θ, φ)−1 = σ1

(
exp(−x1) + cosh(ζ0)

cosh(x1) + cosh(ζ0)
+

exp(−x1) + cosh(ζ1)

cosh(x1) + cosh(ζ1)

)
+ σ2, (14)

where x1 = βE1, ζ0 = βE
(1)
1 , ζ1 = βE

(2)
1 and 1/β = kBT . Here σ1 is the conductivity of the

n = 1 Landau level and the contribution from the n = 0 Landau level, σ0 (which was found to

be constant within the present approximation) is considered together with the conductivity of

the quasi-two dimensional Fermi surface in σ2, which is assumed to be independent of B. Also

from our construction of ADMR, Eq. (14) should work better for smaller T and larger B.
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The magnetic field dependent thermoelectric power (TEP) is also of particular interest. It

is obtained similarly as Eq. (14), and reads

S(B, θ, φ) = −R(B, θ, φ)kB
e

[
σ0ζ0 + σ1

(
ζ0

exp(−x1) + cosh(ζ0)

cosh(x1) + cosh(ζ0)
+

ζ1
exp(−x1) + cosh(ζ1)

cosh(x1) + cosh(ζ1)
+

+ x1

(
sinh(ζ0)

cosh(x1) + cosh(ζ0)
+

sinh(ζ1)

cosh(x1) + cosh(ζ1)

))]
(15)

4 Comparison with experiments

Very recently we have compared Eq. (14) with some experimental data of ADMR[22, 23, 27].

From these fittings we can extract va ∼ 5 × 106 cm/s, σ2/σ1 ∼ 0.1 and for ∆(T ) we have used

the weak-coupling theory value: ∆(T )/∆(0) '
√

1− (T/Tc)3, where ∆(0) ' 17 K.

Also we find ε0 ∼ of the order of a few K < ∆(0), and εn = ε02−|n|. Also the fitting becomes

better for T = 1.4 K than for T = 4.14 K and for magnetic field B > 2T. The ratio σ2/σ1

depends weakly on T and the geometry (i.e. j||b∗ and j ⊥ b∗).

Further for T = 1.4 K and B > 8 T we see Schubnikov-de Haas oscillation which arises most

likely from the Landau quantization of normal electron orbit in the elliptical Fermi surface. This

analysis applies to the data in [14] as well.

Here we shall limit our study to magnetothermoelectric power. We compare in Figs. 2, 3

the theoretical expressions of the thermoelectric power versus B and T , respectively.
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Figure 2: The magnetic field dependent thermopower is shown in the a direction (left panel) for T = 1.4 K and
in the c direction (right panel) for T = 0.7 K(right). Circles are data from Ref. [24].

As is readily seen from these figures we can make excellent fit to the data from Ref. [24]

for Saxx and Scxx versus B as well as Saxx versus T , where the superscripts a and c indicate the

direction of the heat current. Since in these experiments B||b∗, the crucial parameters are va

and σ2/σ1 in Eq. (15). From these fittings we find va of the order of 106 cm/s and σ2/σ1 ∼ 0.1

and σ0/σ1 ∼ 0.0001. These values are consistent with what we deduced from the analysis of

6



2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7
0.4

0.6

0.8

1

1.2

1.4

1.6

PSfrag replacements

T (K)

S
a x
x
(µ

V
/K

)

−100 −80 −60 −40 −20 0 20 40 60 80 100
−2000

−1500

−1000

−500

0

500

PSfrag replacements

T (K)
Saxx(µV/K)

θ(◦)

S
(B
,θ
,φ

)/
S

(B
,0
,φ

)

Figure 3: The temperature dependent magnetothermopower in the a direction is shown for B = 12 T in the left
panel. Circles are data from Ref. [24]. In the right panel, the angle dependence of the thermopower is plotted for
B = 15 T, T = 1.4 K and φ = π/4.

ADMR[23, 27]. In Fig. 3 we show the magnetothermopower when the magnetic field is tilted

away from the b∗ axis (perpendicular to the a-c plane). In this configuration we obtain a series of

dips in the angular dependent magnetothermoelectric power (ADMTEP) somewhat reminiscent

to ADMR. Therefore this kind of experiment will be of great value to further confirm nodal

CDW in α-(BEDT-TTF)2KHg(SCN)4.

5 Conclusion

We have studied the angular dependent magnetoresistance and the angular dependent magne-

tothermopower in terms of unconventional or nodal CDW. The present result describes many

striking features of both ADMR and ADMTEP found in α-(BEDT-TTF)2KHg(SCN)4. There-

fore our identification of its LTP with nodal CDW is further confirmed.

Also it is clear that both ADMR and ADMTEP will provide extremely sensitive means to

identify UCDW and USDW in heavy fermion systems and molecular organic crystals.
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