
The effect of spin fluctuations on the c-axis thermoelectric power in underdoped cuprate

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2001 J. Phys.: Condens. Matter 13 1995

(http://iopscience.iop.org/0953-8984/13/9/322)

Download details:

IP Address: 171.66.16.226

The article was downloaded on 16/05/2010 at 08:46

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/13/9
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 13 (2001) 1995–2000 www.iop.org/Journals/cm PII: S0953-8984(01)17758-1

The effect of spin fluctuations on the c-axis
thermoelectric power in underdoped cuprate

Lou Ping

Department of Physics, Anhui University, Hefei 230039, People’s Republic of China

Received 4 October 2000, in final form 22 January 2001

Abstract
A theory of the thermoelectric power due to the interlayer hopping assisted
by spin fluctuations has been developed. The prediction of the theory
captures the main features of experiment. Thus, we argue that the c-axis
thermoelectric power exhibiting metallic behaviour while the c-axis electronic
conductivity appears to be nonmetallic in the underdoped cuprate may be
properly understood within the theory.

1. Introduction

It is well known that the most striking features of high-Tc oxides are their anomalous physical
properties above their transition temperature Tc. For example, the electrical resistivity is linear
in temperature over a wide range of temperatures above Tc, the infrared conductivity deviates
from the Drude form, showing a relaxation rate proportional to the frequency, and the nuclear
spin–lattice relaxation rate shows an anomalous temperature dependence different from that
in normal metals [1, 2].

The above anomalous physical properties have been explained in terms of anti-
ferromagnetic spin fluctuations in two-dimensional metals [3–11]. As for the c-axis thermo-
electric power and the c-axis electronic conductivity, the measurements show that within the
low-doping regime the c-axis thermoelectric power exhibits metallic behaviour while the c-
axis electronic conductivity appears to be nonmetallic [12–14]. To date, there has been no
consensus concerning this anomalous behaviour, though various proposals exist [15–17]. In
the paper [18] I have developed a theory of the c-axis electronic conductivity due to the comp-
etition between interlayer direct hopping and the hopping assisted by the spin fluctuations.
Since the anomalous behaviour of the c-axis electronic conductivity can be explained in terms
of the effect of the antiferromagnetic spin fluctuations [18], we naturally expect the antiferro-
magnetic spin fluctuations to affect the c-axis thermoelectric power and lead to the anomalous
behaviour.

The rest of the paper is organized as follows. In section 2 we develop a theory of the
c-axis thermoelectric power on the basis of the model of the interlayer hopping assisted by
spin fluctuations. In section 3 we discuss our results. The paper concludes with a summary in
section 4.
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2. The theory

Following the idea of the paper [18], the Hamiltonian describing c-axis transport properties
due to the interlayer hopping assisted by the spin fluctuations can be written as

H = H(1) + H(2) + HT (1)

where H(1) is the Hamiltonian for the one-layer carrier of the hopping junction. It contains
all many-body interactions. Similarly, H(2) has all the physics for the two-layer carrier of the
hopping junction. These two are considered to be strictly independent. Not only do these two
operators commute, [H(1), H (2)] = 0, but also they commute term by term. The interlayer
hopping assisted by the spin fluctuations can be written as

HT = J√
N

∑
kk′µµ′

(S(k′ − k)σµµ′C
(1)†
kµ C

(2)
k′µ′ + S(k − k′)σµ′µC

(2)†
k′µ′C

(1)
kµ). (2)

Here J is the constant of the interlayer hopping assisted by the spin fluctuations, σµµ′ is
the Pauli matrix element, S(q) is the spin fluctuation operator, C(i)†

kµ (C
(i)
kµ) is the i-layer

carrier creation (annihilation) operator. Physically, the interlayer hopping assisted by the
spin fluctuations arises from the spin fluctuation scattering (represented by the S(q) which
couples to the quasi-particles with strength J ) which is analogous to the standard case of
phonon-assisted hopping [19], except that the spin fluctuation operator replaces the phonon
operator. Then the current operator of the interlayer hopping assisted by the spin fluctuations
is given by

jc = iedJ√
N

∑
kk′µµ′

(S(k′ − k)σµµ′C
(1)†
kµ C

(2)
k′µ′ − S(k − k′)σµ′µC

(2)†
k′µ′C

(1)
kµ). (3)

After the standard procedure has been applied to calculate the ensemble average of jc
(cf. reference [20]), the ensemble average of jc for the case in the presence of both a weak
electric field (E) and a small temperature gradient (�T ) in the c-axis direction is given by the
following formula:

〈jc〉 = 6J 2e2d2

VN

∫ ∫
dω1

2π

dω2

2π

∑
kq

Im χ−+(k, ω1)A
(1)(q, ω1 + ω2)A

(2)(k + q, ω2)

× (nF (ω1 + ω2) + nB(ω1))

(
−∂nF (ω2)

∂ω2

)(
E − ω2

eT
�T

)
(4)

where e is unit charge. d is the c-axis interlayer distance. A(i)(k, ωi) is the spectral function
for the electron in the i-layer, nF (ω) is the Fermi function, nB(ω) is the Bose function,
Im χ−+(k, ω) is the spin fluctuation spectral function.

The thermoelectric power Sc is determined by the relation between the electrical current
〈jc〉 and the temperature gradient �T :

〈jc〉 = σc(E − Sc �T ). (5)

From equations (4) and (5) with 〈jc〉 = 0, we can obtain

σc = e2
∫

dω

2π

(
−∂nF (ω)

∂ω

)
σ(ω) (6)

Sc = − |e|
σcT

∫
dω

2π

(
−∂nF (ω)

∂ω

)
ωσ(ω) (7)
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with the differential conductivity

σ(ω) = 6J 2d

h̄a2

1

N2

∫
dω′

2π

∑
kq

Im χ−+(k, ω′)A(q, ω′ + ω)A(k + q, ω)

× (nF (ω
′ + ω) + nB(ω

′)). (8)

Here a is the ab-plane lattice constant. A(k, ω) is the spectral function for the electron in the
layer.

Then from equations (6), (7) and (8) we obtain the c-axis electronic conductivity σc and
thermoelectric power Sc of the hopping assisted by the spin fluctuations.

3. Results

In this section we first introduce the spin fluctuation spectral function Im χ−+(k, ω) and the
spectral function of the electron in layer A(k, ω) that are used in equation (8) for calculating
the c-axis electronic conductivity σc and thermoelectric power Sc of the hopping assisted by the
spin fluctuations. Then we present the results obtained by using the formula that was outlined
above and give a discussion.

In order to simplify the computations, we take the phenomenological form of the spin
fluctuation spectral function [21–23]:

χ−+(k, h̄ω) =
∑
j

α(ξ/a)2

1 + ξ 2(q − Qj )
2 − iω/ωsf − (ω/�sw)2

(9)

where ξ is the magnetic correlation length. ωsf is an energy scale for the antiferromagnetic
paramagnons that determine the antiferromagnetic spin dynamics. α is an overall temperature-
independent constant and Qj are the positions of the peaks in momentum space which are
assumed to be incommensurate, i.e. Qj = (1 ± δ, 1)π/a and Qj = (1, 1 ± δ)π/a. h̄�sw

is a typical energy of propagating spin waves which comes into play at high frequencies.
h̄�sw = h̄csw(a/ξ). csw is the spin-wave velocity.

For the same reason, the spectral function of the electron in layer A(k, ω) is taken as

A(k, ω) = '(T )

(ω − εk)2 + '2(T )
. (10)

Here '(T ) = '0 + '1T . εk is the single-particle energy spectrum in the layer, which has the
following form:

εk = −2t (cos kxa + cos kya)− 4t ′ cos kxa cos kya − µ (11)

where t is the nearest-neighbour, t ′ is the next-to-nearest-neighbour and µ is the chemical
potential.

Taking equation (9), the phenomenological form of the spin fluctuation spectral function,
and equation (10), the spectral function of the electron in the layer, we have performed a
calculation for the c-axis electronic conductivity σc and thermoelectric power Sc of YBCO.
In the computation, we choose h̄ωsf = 60 + 0.8T K, ω0 = ωsf (ξ/a)

2, h̄ω0 = 60 meV,
α = 9 × 10−3 meV−1, h̄csw = 180 meV and δ = 0.21 for the values of the parameters of the
spin fluctuation spectral function [21–23]. The values of the parameters of the single-particle
energy spectrum used are t = 350 meV, t ′/t = −0.3 and µ/t = −1.05 [24, 25]. Also
'0/t = 0.235 and '1/t = 4 × 10−4 K−1 [26]. The result is plotted as the Sc versus T curve in
figure 1. The solid curve shows the values from theory. The agreement between our theoretical
calculation and experiment [12] is satisfactory. The ρc(T )/ρc(T = 300 K) versus T curve
is plotted in figure 2 (ρc(T ) = 1/σc(T )). It shows that the c-axis electronic conductivity
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Figure 1. Sc versus T for YBCO in the underdoping regime. The parameters used are as follows:
h̄ωsf = 60 + 0.8T K, ω0 = ωsf (ξ/a)

2, h̄ω0 = 60 meV, α = 9 × 10−3 meV−1, h̄csw = 180 meV,
δ = 0.21, t = 350 meV, t ′/t = −0.3, µ/t = −1.05, '0/t = 0.235 and '1/t = 4 × 10−4 K−1.

appears to be non-metallic and the theoretical calculation captures the main features of the
experiment. Therefore we conclude that the antiferromagnetic spin fluctuation affects c-axis
transport properties and plays an important role in leading to the anomalous behaviour of c-axis
transport properties in underdoped cuprate.

In order to further understand why the spin fluctuations favour at the same time metallic
behaviour of the thermoelectric power and insulating behaviour of the resistivity, we investigate
their analytical behaviours at low temperature (i.e. |µ| 
 T ). For |µ| 
 T we can use

∂nF (ω)

∂ω
≈ −δ(ω − µ).

Then σc(T ) ∼ T [18], while

Sc ∼ T
∂ ln σc(ω)

∂ω

∣∣∣∣
ω=µ

.

It is noted that the linear T -dependence of the c-axis electronic conductivity σc(T ) originating
from the hopping assisted by the spin fluctuations leads to insulating behaviour of the resistivity
(ρc(T ) = 1/σc(T )). This result is just the opposite to the usual case in the electron–spin
fluctuation scattering mechanism [27, 28]. The physical origin of this effect is that for the
hopping conduction process the electron–spin fluctuation scattering assists the c-axis transport
of electrons, while for the usual case it plays the role of hindering the motion of electrons along
the direction of the applied field. On the other hand, we note that the linear T -dependence of
the thermoelectric power Sc originating from the hopping assisted by the spin fluctuations is
similar in form to the diffusion thermoelectric power in metals [29].
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Figure 2. ρc(T )/ρc(T = 300 K) (ρc(T ) = 1/σc(T )) versus T for YBCO in the underdoping
regime. The parameters used are the same as in figure 1.

4. Concluding remarks

In this paper we develop a theory of the thermoelectric power due to the interlayer hopping
assisted by the spin fluctuations. The theoretical analysis results capture the main features of
experiment. Thus, we argue that the anomalous behaviour of the c-axis electronic conductivity
and the thermoelectric power in the underdoped cuprates may be properly understood by
considering the mechanism of the interlayer hopping assisted by spin fluctuations.
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