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Magnetothermopower and Nernst effect in unconventional charge density waves
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Recently we have shown that the striking angular dependent magnetoresistance in the low-temperature phase
~LTP! of a-(BEDT-TTF)2KHg(SCN)4 is consistently described in terms of unconventional charge density
wave~UCDW!. Here we investigate theoretically the thermoelectric power and the Nernst effect in unconven-
tional density wave~UDW!. The present results account consistently for the recent data of magnetother-
mopower ina-(BEDT-TTF)2KHg(SCN)4 obtained by Choiet al. @Phys. Rev. B65, 205119~2002!#. This
confirms further our identification of LTP in this salt as UCDW. We propose also that the Nernst effect provides
a clear signature of UDW.
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Recently many possible candidates for unconventio
charge density wave~UCDW! and unconventional spin den
sity wave ~USDW! have been proposed, though in mo
cases definitive confirmation is still lacking. These are
antiferromagnetic phase of URu2Si2,1,2 the pseudogap phas
in high-Tc cuprates,3–6 the CDW in NbSe2

7,8 and the low-
temperature phase~LTP! in a-(BEDT-TTF)2MHg(SCN)4
with M5K, Rb, and Tl.9–13 In the last system not only th
qualitative features of LTP, like the absence of a clear cha
order, but also both the temperature and magnetic-field
pendence of the threshold electric field9–11 and the striking
angular dependent magnetoresistance~ADMR!12,13 are fully
consistent with UCDW. In these studies the quantization
the quasiparticle spectrum in the presence of magnetic
as considered by Nersesyanet al.14,15 plays the crucial role.

The object of the present paper is to extend our ear
study to the thermoelectric power and Nernst effect in
conventional density wave~UDW! ~i.e., UCDW and USDW!
in the presence of magnetic field. When the Zeeman split
or the Pauli term due to magnetic field is negligible co
pared to the orbital effect, there will be no distinction b
tween UCDW and USDW, which we will assume in the fo
lowing. First we discuss briefly how the effect of magne
field is incorporated following Refs. 14 and 15. Then w
construct the expressions for thermopower and Nernst e
in UDW. These are compared with a recent data by C
et al.16 on a-(BEDT-TTF)2KHg(SCN)4. Indeed we can de
scribe the experimental data very consistently.

In the absence of magnetic field the quasiparticle ene
in UCDW is given by17

@E1«~k!#C5@2 iva]xr31D cos~ckz!r1#C, ~1!

wherer i ’s are the Pauli matrices acting on spinor space
the left and right moving electrons on the quasi-on
dimensional Fermi surface and the imperfect nesting te
«(k) is given by13

«~k!5 (
n52`

`

«ncos~2bn8k!, ~2!
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where bn85b8@ r̂b1tan(un)( r̂acosf01r̂ csinf0)#, «n

5«022unu, tan(un)5tan(u0)1nd0 , tan(u0).0.5, d0
.1.25, f0.27°,18–20andf is the angle the projected mag
netic field on thea-c plane makes from thec axis. This
generalized imperfect nesting term arises from an effec
tight-binding approximation, where hopping takes place
tween sites in ther̂b direction and along nearest-neighb
chains oriented in ther̂acosf01r̂ csinf0 direction. Equation
~1! is readily solved as

E56A~vakx!
21D2cos2~ckz!2«~k!, ~3!

wherekx , kz are wave-vector components parallel to thea
and c axis in a-(BEDT-TTF)2KHg(SCN)4 salt. We note
here that imperfect nesting breaks the particle-hole symm
in general. In the presence of magnetic field Eq.~1! is trans-
formed as

EC5@2 iva]xr31DceBxcos~u!r1#C, ~4!

where for the moment we ignored the imperfect nest
term. u is the angle the magnetic field makes from theb*
axis. We defineb* as the direction perpendicular to thea-c
plane. Equation~4! is readily solved as14,15

E252nvaDceuB cosuu, ~5!

wheren50,1,2, . . . . Wenote that Eq.~4! is the same as the
Dirac equation in a constant magnetic field and has b
studied since 1936.21 The Landau wave functions are give
by

C05S i

1Df0 , ~6!

CnÞ05
1

A2
F S 1

i Dfn216S i

1DfnG , ~7!
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where fn is the nth wave function of a linear harmoni
oscillator with parameters ‘‘mass’’m51/2va

2 and ‘‘fre-
quency’’ v52vaDceBcos(u). From Eq. ~7! it is obvious
that the nÞ0 levels are twofold degenerate, sinceCnÞ0
is composed of the (n21)th and nth wave function of
the harmonic oscillator. Now making use of the Land
wave functions we evaluate the contribution from the i
perfect nesting term as perturbation. Then we get for
Landau levels:E0,152E0

(1) , E1,156E12E1
(1) , E1,256E1

2E1
(2) , and En5A2nvaDceBucos(u)u, E0

(1)5E1
(1)

5(m«mexp(2ym), E1
(2)5(m«m(122ym)exp(2ym), where

ym5 vab82eu B cos(u) u@ tan(u)cos(f2fo)2 tan(um) # 2 / Dc.
We note that the imperfect nesting terms splits then51 Lan-
dau level into 2 nondegenerate levels. Also as is the cas
the absence of magnetic field, the imperfect nesting te
breaks the particle-hole symmetry. This particle-hole sy
metry breaking is crucial in the thermoelectric power. Th
keeping just then50 andn51 Landau levels, the ADMR is
constructed as

R~B,u,f!215s1S exp~2x1!1cosh~z0!

cosh~x1!1cosh~z0!

1
exp~2x1!1cosh~z1!

cosh~x1!1cosh~z1! D1s2 , ~8!

where x15bE1 , z05bE1
(1) , z15bE1

(2) , and 1/b5kBT.
Heres1 is the conductivity of then51 Landau level and the
contribution from then50 Landau level,s0 ~which was
found to be constant within the present approximation! is
considered together with the conductivity of the quasi-tw

FIG. 1. The magnetothermopower for heat current along tha
direction is shown forT51.4 K, T54.8 K, T55.8 K, and T
56.9 K from top to bottom, the circles denote the experimen
data from Ref. 16, the solid line is our fit based on Eq.~9!.
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dimensional Fermi surface ins2, which is also assumed
to be independent ofB. Also from our construction of
ADMR, Eq. ~8! should work better for smallerT and larger
B. As was shown in Refs. 12 and 13, Eq.~8! gives
an excellent description of ADMR found ina-
(BEDT-TTF)2KHg(SCN)4.

The diagonal component of the magnetic-field depend
thermoelectric power is also of particular interest. It is o
tained similarly as Eq.~8!, and reads

S~B,u,f!

52
R~B,u,f!kB

e H s0z01s1Fz0

exp~2x1!1cosh~z0!

cosh~x1!1cosh~z0!

1z1

exp~2x1!1cosh~z1!

cosh~x1!1cosh~z1!

1x1S sinh~z0!

cosh~x1!1cosh~z0!
1

sinh~z1!

cosh~x1!1cosh~z1! D G J .

~9!

We note here thatS(B,u,f) vanishes in the absence of im
perfect nesting. Before comparing Eq.~9! with experimental
data, we shall consider the Nernst effect.

The Nernst effect is the off-diagonal component of t
thermoelectric power in the presence of magnetic field. A
its formulation is different from above. We have seen
ready, that the quasiparticle in UDW orbits around the m
netic field. Then when an electric fieldE is applied with a
perpendicular component to the magnetic fieldB, the quasi-
particle orbit drifts withvD5(E3B)/B2. Then the heat cur-
rent parallel tovD is given by Jh5TSvD , whereS is the
entropy associated with the circling quasiparticles

S5eB(
n

$ ln@11exp~2bEn!#1bEn@11exp~bEn!#21%,

~10!

the sum overEn has to be taken over all the Landau leve
and the magnetic field is assumed to be perpendicular to
a-c plane (u50°). Then for smallT and largeB, Eq. ~10! is
well approximated by taking then50 andn51 Landau lev-
els. Moreover, when the zeroth-order contribution from t
energy spectrum~i.e., the Landau levels without imperfec
nesting! is finite, we can neglect higher-order terms, name
the effect of imperfect nesting by settingz05z150. With
this simplification, the entropy reads as

S52eBH ln~2!12 lnF2 coshS x1

2 D G2x1tanhS x1

2 D J .

~11!

So the Nernst coefficient in this configuration can be cal
lated, after considering the effect of the two-dimension
~2D! parts of the Fermi surface

l
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Sxy5axy52
S

Bs

5
1

s S L2D

11g2B2
22eH ln~2!12 lnF2 coshS x1

2 D G
2x1tanhS x1

2 D J D , ~12!

where s51/R54s1 /@exp(x1)11#1s2 from Eq. ~8!, L2D
stems from the two-dimensional cylinders of the Fermi s

FIG. 2. The magnetothermopower for heat current along thc
direction is shown forT50.7 K ~upper panel! andT51.5 K ~lower
panel!, the circles denote the experimental data from Ref. 16,
solid line is our fit based on Eq.~9!.
24110
-

face, g5et/m, t is the field-free relaxation time at th
Fermi level,22,23 m is the effective mass of the electron.

In Figs. 1 and 2, we compare Eq.~9! to the experimental
data of the diagonal thermopower~Seebeck coefficient! in a
magnetic field perpendicular to the conducting planeu

e

FIG. 3. The Nernst signal for heat current along thea direction
is shown for T51.4 K and T54.8 K ~from bottom to top!, the
dashed lines with circles denote the experimental data from Ref
the solid line is our fit based on Eq.~12!.

FIG. 4. The temperature dependence of the magnetot
mopower for heat current along thea direction is shown forB
512 T, the circles denote the experimental data from Ref. 16,
solid line is our fit based on Eq.~9!.
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DÓRA, MAKI, VÁ NYOLOS, AND VIROSZTEK PHYSICAL REVIEW B68, 241102~R! ~2003!
50°) for heat current applied in thea and c directions, re-
spectively. As is readily seen we can have excellent fittin
From these fittings we can deduceD;17 K, va
;106 cm/s, which are very consistent with earlier results.
to «0, its value is obtained as 9 K for T51.4 K, which is of
the same order of magnitude as what we obtained previo
in Ref. 13, but for higher temperatures~above halfTc) we
obtain «0 around 40 K. This bigger value might stem fro
the neglect of the effect of higher Landau levels~which be-
comes more important as the temperature increases!, and
also of the magnetic field and temperature dependence os1
ands2. In Fig. 3, we compare our theoretical results to t
experimental data on Nernst effect. From this we can ded
the same parameters, and the additional fitting paramett
510211 s, assumingm to be twice the free-electron mas
This can be converted to temperatures ast21→4 K, which
is reasonable concerning the presence of de Haas–van
phen oscillations atB.10 T atT51.4 K. Finally in Fig. 4,
the temperature dependence of the Seebeck coefficie
fitted at B512 T. Here we assumedD(T)/D(0)
5A12(T/Tc)

3, which is very close to our weak-couplin
solution.24 The extracted fitting parameters are again in
same order of magnitude as earlier.

As we have shown the quasiparticle spectrum as obta
can describe the magnetothermopower as observed in LT
a-(BEDT-TTF)2KHg(SCN)4. Together with the earlier re
sults on ADMR, the present work further confirms o
proposition that LTP ina-(BEDT-TTF)2KHg(SCN)4 salt is
UCDW. Also the Nernst effect we obtained is rather lar
s
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and independent of the imperfect nesting term. Therefore
may consider the Nernst effect as the hallmark of UD
No corresponding term exists in conventional DW. TheB
dependence of the Nernst effect is very similar to the o
obtained in the vortex state of dirty type IIs-wave
superconductors.25–28 It has been claimed by Wanget al.29

that the large Nernst and Ettinghausen effect in
pseudogap phase is the signature of the presence of s
conducting vortices. But the present results point clearly
the alternative possibility. Indeed the beautiful experimen
data from underdoped LSCO appear to indicate that
pseudogap phase is UDW as proposed by many people3–6

Of course the quantitative comparison between experim
and theory as done here for LTP i
a-(BEDT-TTF)2KHg(SCN)4 is highly desirable. We also
believe that measurements of Nernst and/or Ettinghausen
fect will prove to be decisive in other possible UDW cand
date materials.

We would like to thank Eun Sang Choi for sending us t
data of Ref. 16. We have benefited from discussions w
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