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Anomalous electric and heat current in charge- and spin-density waves
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We study theoretically the electric current and the heat current associated with sliding charge-
density waves (CDW's) or spin-density waves (SDW's). In the clean limit (i.e., l )&g, where l is the
electron mean free path and g is the BCS coherence length), we find large sliding CDW (or SDW)
contributions to these currents. The present result is consistent with Artemenko's prediction based
on a kinetic equation and describes a peculiar temperature dependence of the condensate density
observed in CDW's of NbSe3 by Richard and Chen.

I. INTRODUCTION

Within a conventional picture, the charge-density-wave
(CDW) or spin-density-wave (SDW) condensate is be-
lieved to carry only the electric current in the chain direc-
tion. ' On the other hand, a number of recent experi-
ments on CDW's and SDW's indicate that the sliding
CDW (or SDW) condensate carries the Hall current
as well as the entropy current. ' Recently, making use of
a kinetic equation in a quasi-one-dimensional CDW, Ar-
temenko et al. calculated contributions to the Hall
current and the heat current associated with sliding
CDW's which appear to account for these observations at
least qualitatively.

The object of the present paper is to calculate both the
electric current and the heat current associated with the
sliding CDW's within the framework of the standard
Green's-function technique. As a model, we use the an-
isotropic Hubbard model as introduced by Yamaji. Fur-
ther, we carry out most of our analysis on SDW's, though
the most of results are applicable to CDW's as weH. For
simplicity, we neglect the phonon-drag term in the
analysis of the heat current. For numerical analysis, we
limit ourselves to E'o/Ao«1, where eo is the parameter
characterizing imperfect nesting and Ao is the SDW or-
der parameter at T=O K. Unlike earlier analysis, we
find large contributions to both electric current and heat
current associated with the sliding SDW's (or CDW's)
from the anomalous region (i.e., co„co„+„(0,where co„
and m„+ are two Matsubara frequencies attached to two
Green's functions involved in the correlation function),
which is proportional to l /g. These anomalous contribu-
tions behave like the normal current even though they
are generated by moving SDW's (or CDW's). For exam-
ple, they carry both the transverse current (i.e., the Hall
current) in a magnetic field and the entropy. Therefore,
we establish the transport equation for the electric and
heat current written down by Artemenko:

j =ooE aP ri(V T)T—. —

and

j = IIE bP tc(V—T) T—

i|I= —I e E Er — (V T—)T——1 b —1

a

XO E Er (V—T)T——b

a
(3)

while b may be written in terms of H, the Peltier
coe%cient associated with the moving condensate

where Q =2pF and n is the electron density.
In this paper, we limit ourselves to the case without

magnetic field. The effect of magnetic field will be de-
scribed in a future paper.

In addition to the anomalous heat current, we find a
large anomalous electric current. When l//=10, the
condensate density has a broad peak around T=0.8T, .
The broad peak may describe an anomalous temperature
dependence of the condensate density observed by
Richard and Chen in NbSe3. "

II. FORMULATION

Starting from an anisotropic Hubbard model, the
quasiparticle Green s function in a SDW within mean-
field theory is given by'

where H=gT and o.
o is the conductivity associated with

the quasiparticle and ~ is the thermal conductivity. Here
I is the phason damping coefficient' and Eq. (3) is the
simplest version of the dynamic equation controlling the
sliding motion of the SDW condensate and P is the phase
of the order parameter. The parameter a is expressed in
terms of the condensate density f as

a=eng 'f =e(abc) 'f
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G '(rv„,p) =i rv„v—1 g—p3 Epi (6) III. ANOMALOUS TRANSPORT

( [j,j ] ) / irk=a—.o=2(ev) XOI, ,

( [j",j] ) / i ro = I—I =2ev ~XP
( [j,54] ) / —t co=a ='enQ 'I

( [j,M ] ) / i cu—=b =2vN'OI

where

(7)

(10)

where 7i=e oc os(2bp 2), cv„ is the Matsubara frequency, g
is the quasiparticle energy measured from the Fermi sur-
face, and 6 is the SOW order parameter. Here, p,. and o.;
are Pauli spin matrices, the former operating on the spi-
nor space formed by the right-going and the left-going
quasiparticles, while the latter in the ordinary spin space.

Following Kubo's prescription, the four transport
coeKcients in Eqs. (1) and (2) are obtained from the re-
tarded product ([j,j„]), ([j,6b, ]), ([j„j ]), and

([j,M, ]) where j =evp3, j =
—,'(co„+co„+ )vp3 (heat

current), and 5b, =Apz, respectively. Making use of stan-
dard technique, ' we obtain

Equations (11)—(14) are evaluated numerically for a few

I, /60 and shown in Figs. 1—4 where

oo(T)/Go(T, ) =Ii(T)/I, (T, ),
II(T)/Ii( T, ) =I2( T)/I2(T, ),
f (T/T, )=I3,

II, ( T) /I T, =I ( T) /I ( T )I T, .

We note that both era and II(T) decrease monotonically
as temperature decreases. Further, they become ex-
ponentially small at low temperatures. Especially at low
temperatures, we obtainT, 4r'
G (T)/o (T )= —e-~' 1+ —+

3I G 3I G

4 r,G
11(T)/11(T, ) = 2

I, = I dz sech ( —,'Pz) 1+ —D '(co), (11)
1 fu[' —1

2T 0 /u' —I/
1 r'

X 1+4 1+— —+-
3 I G

(19)

00 0 1I2= dz z sech ( —,'Pz) 1+ D '(cv),
2T 0 [u' —I/

I3 =f, + I dz sech ( —,'Pz) D '(cv),
T 0 u —1

I~= dz z sech ( —,'Pz) D '(co),2 2 l
ImQ

T 0 ' [u' —li

(12)

(13)

(14)

1/2

g
—2/3 —/3G

3A I G
(20)

where G =6(1—
g

~
)

~ the energy gap and (=I /A.
Note that pro(T, )=2(ev) XOI ~

' and II(T, )

3
7T eu XO T I 2

'
~ Perhaps, the most remarkable is the

condensed density f in the dynamical limit (see Fig. 3). It
has a broad peak around T-O. 8T, . Further, this peak
increases as I /g increases. At low temperature, f ap-
proaches unity as

D (co) =26 Im(u —1) —I ' 1+in
u' —I/

—=u 1 ——(1 —u )
2 —

& 2 (16)

and I =I ]+—I 2 I =I ] 2I 2 and I ] and I 2 are the
forward and backward scattering rate due to the impurity
scattering. Here, Xo = (rrvbc) ', Xo =+(&2t, ) 'Xo,
and the sign + corresponds to the —,'-filled band or —,'-filled
band. Finally, f i is the condensed density in the static
limit

f, =2' T6 ' g [(u „+1 ) —I /6 ]
n=0

I—

b Og

bo

Oo l

Q.2 0.4 Q.6 0.8
T/Tco

=p, (T)/p, (17)

which is hardly a6'ected by the impurity scattering. In
deriving Eqs. (11)—(16), we assumed co=0 for simplicity.
A derivation of Eqs. (7)—(10) is sketched in the Appendix.

FIG. I. The quasiparticle (Ohmic) conductivity o.o( T) is
shown as a function of temperature for a few values of
I /60=0. 01 (a), 0.05 (b), and 0.1 (c). The solid curves are for
I &

=
2
I

&
while the dashed curves are for I ~

=I,.
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FIG. 2. The Peltier coefficient H, (T) is shown as a function
of temperature for the same set of I, and I & as in Fig. 1.

FICx. 3. The condensate density f (T) is shown as a function
of temperature for the same set of I I and I ~ as in Fig. 1.

7 (3)r~
X 1+, '

g '"e ~'
'T,

(21)

The effective Peltier coefficient II, ( T) associated with
condensate first increases with decreasing temperature
with a peak value ( T, /I ) times larger than that at
T =1c and then decreases with decreasing temperature
(see Fig. 4). In particular, at low temperatures

1/2

II (T)/II (T ) =- ~G G
C C C I

~Jcnw«)Lgi(E)=+ (&, /f)
S

where JcDw(E) is the non-Ohmic current

j =o oE +JcDw(E) (26)

This is essentially Artemenko's interpretation on the
violation of Onsager's relation between L i&(E) and
Lz, (E) We believe that these new contributions should
be considered as the anomalous term associated with
moving SDW's (or CDW's) and which can carry both en-
tropy and transverse current in the presence of an exter-
nal magnetic field. Also, the ordinary CDW current con-
tains the anomalous contribution of which temperature
dependence is anomalous, as we have seen already.

II (T )=+ (I T) 1—
~et, 41,

(22)

Comparing Eq. (21) with Eq. (19), we conclude that at
low temperatures in the non-Ohmic regime, the Peltier
coefficient should be dominated by that due to the sliding
CDW's or SDW's.

In terms of cro, II, f, and 11„ the observed transport
coefficients are expressed as

5j=j(E,VT) —j(E,O)

IV. CONCI. UOING REMARKS

We have extended the nonlinear transport equation for
SDW's (or CDW's) involving the heat current. The gen-
eral form of the equation and the order of magnitudes of
the transport coefficient agree with those deduced by Ar-
temenko. The only exception is the sign of the anoma-
lous contribution to the electric current. According to

60—

or

L,q(E)V T/T-
=r 'be(E E, )(VT-)T—

I JcDw (E)/E j( V T) T
a

(23)

40—
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bL 12 ( E ) I. ~CDW ( E ) /E l
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while

JcDw(E)=+ (I,/f)
et,

(24) FIG. 4. The Peltier coefficient associated with condensate
II, (T) is shown as a function of temperature for the same set of
I, and I & as in Fig. 1.
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our analysis, the contributions from the regular term f1
and the anomalous term have the same sign and they
have to be added up. Otherwise, the eA'ective condensate
density in the vicinity of T= T, should be negative since
in this region the anomalous term dominates, which is
clearly unphysical. In general, we conclude that the con-
tribution of the anomalous term is most important in the
vicinity of T=T„ though in the case of the Peltier
coeKcient, the anomalous term appears to dominate even
at low temperatures (see Fig. 4).

Note added in proof Re.cently Artemenko confirmed

our sign of the anomalous term. Therefore our result
agrees completely with his.
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APPENDIX: EVALUATION OF CORRELATION FUNCTIONS

First thermal products are calculated as

([j,j]&(~,)=2(eo)2N, » f dgd, 2d 2(g2 aa—' aa—')A

I

=2(ev) NosrT g 1—, , [D(u, u')](u'+1)'"(u '+1)'" (A 1)

([j,j])(eo )=2eu NosrT geo„ 1—,/ 2, / [D(u, u')]
(u +1)' (u' +1)'

( [j,oh ] ) ( eo ) =2euNo b vr Tg, , /2 [D ( u, u
'

) ]
(u +1)'/ (u' +1)' (A3)

I

( [j,56] )(eo„)=2UNohtrT g eo„, , [D (u, u'1)]
(u +1)' (u' +1)' (A4)

where

d2 —2+g2+g2, d2 ——~2+g2+g i2

A=[A(u +1)'/ +b, '(u' +1)' ][D(u, u')]

(A5)

(A6)

D(u, u') =a[(u2+1)'"+(u'+1)'"]—r' 1— uu'+ 1

(u +1)' (u' +1)' (A7)

(
—2+ g 2)1/2 ' & 1

(
—2+ g 2)1/2

(AS)

and eo, eo', etc. , refer to eo„and eo„+„respectively. Then after analytical continuation, we obtain Eqs. (7)—(10) in the
text.
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