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Abstract

On the basis of the Bogoliubov de Gennes theory, electronic structures around a vortex in quasi-one-dimensional organic supercon-
ductor (TMTSF)2PF6 are studied at the quarter-filling electron density in magnetic fields applied parallel to the conduction chain. We
consider three pairing symmetries (d-, p- and f-wave) in superconductors. In d- and f-wave symmetries, nuclear relaxation rate T�1

1 is
proportional to temperatures because quasiparticles around the vortex relax spins.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recently much attention has been focused on supercon-
ductivity in quasi one-dimensional (Q1D) organic com-
pound (TMTSF)2PF6, which is called Bechgaard salt.
Under a pressure, the superconducting phase appears
above the SDW phase. A number of studies have been
made on analyzing the superconducting pairing symmetry
so far. In theories, three kinds of pairing symmetry have
been proposed: d-wave [1–3], p-wave [3–6] and f-wave [7–
11]. The d- and f-wave pair potentials have line nodes on
the Fermi surface, whereas p-wave potential has no nodes.
Experimentally, the spin–triplet pairing symmetry has been
suggested because the Knight shift does not change across
TC. A NMR experiment by Lee et al. [12] revealed that the

relaxation rate T�1
1 has two characteristics (i) T�1

1 / T in
low temperatures (T� Tc) and (ii) T�1

1 has a small peak
at Tc. Since the NMR experiment was done under magnetic
fields in the chain direction, we should consider effects of
quasiparticles around the vortices on T�1

1 to understand
the experimental results. In this paper, we will explain
experimental behaviors of T�1

1 in the mixed state of Q1D
organic superconductor.

2. Formulation

To study electronic structures in Q1D superconductor
under magnetic fields in the conduction chain, we solve
the Bogoliubov de Gennes (BdG) equation self-consistently
on the three-dimensional tight-binding lattices. Hamilto-
nian is given by
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where aþi;rðai;rÞ is a creation (annihilation) operator of an
electron at a lattice site i with spin r and Vi,j represents the
attractive interaction in the z-direction (chain direction).
The pairing interactions are working between second nearest
neighbor sites for d- and p-wave symmetries and the fourth
nearest neighbor sites for f-wave symmetry. After the Fou-
rier translation in the z-direction, we obtain Di,j = u(kz)Di,
u(kz) = cos2kz for d-wave, sin2kz for p-wave, and cos4kz

for f-wave symmetries. The transfer integral in the xy-plane
is expressed as ~tij ¼ tij exp½iðp=/0Þ

R rj

ri
AðrÞ � dr�, where the

vector potential AðrÞ ¼ 1
2
H � r is given in the symmetric

gauge with external fields H = (0,0,H) and /0 is the flax
quantum. The hopping integrals tij between nearest neighbor
sites are chosen as tx:ty:tz = 1:0.03:10 to reproduce the Q1D
Fermi surface of (TMTSF)2PF6. In calculations, we take the
paring interaction U = �38tx. The charge density is kept to
be at the quarter-filling. By the Bogoliubov transformation,
the BdG equation is given by
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where Kij ¼ �~tij þ dijð�2tz cos kz � lÞ, Dij = UDidiju(kz),
and ua(ri), va(ri) are wave functions at the lattice site i

belonging to the energy Ea. The expressions for the pair po-
tential and the charge density are given by

~DðriÞ ¼
X
a;kz

uaðriÞv�aðriÞf ðEaÞuðkzÞ; ð3Þ
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where DðriÞ ¼ ~DðriÞ exp½iðp=/0Þ
R rj

ri
AðrÞ � dr�.

We consider that two vortices accommodate in a unit
cell with 20 · 6 lattice sites in the xy plane. We also assume
that the vortex core is located in the plaquette. By intro-
ducing the quasimomentum of the magnetic Bloch state,
we obtain the wave function under the periodic boundary
condition whose region covers a large number of unit cells.
The spin–spin correlation function v+�(r, r 0,iXn) is calcu-

lated from Green’s functions and the nuclear spin relaxa-
tion rate is given by

Rðr; r0Þ ¼ Imvþ;�ðr; r0; iXn ! Xþ igÞ=ðX=T ÞjX!0

¼ �
X
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where f(E) is the Fermi distribution function. We assume
that r = r 0 because site-diagonal spin relaxations are con-
sidered to be dominant. The r-dependent relaxation time
is given by T1(r) = 1/R(r, r). In calculations, we use
d(r) = p�1Im(x � ig) to handle the discrete energy levels
due to the finite size effect with g = 0.02tx. In Eq. (5), the
first term is proportional to N(r,E)2 for r = r 0. To under-
stand the behavior of T1(r), we also calculate local density
of states (LDOS) given by

NðE; rÞ ¼
X

a

½juaðrÞj2dðE � EaÞ þ jvaðrÞj2dðE þ EaÞ�.

3. Local density of state and NMR T�1
1 around vortices

Three pair potentials have different topology from one
another in the k-space as shown in Fig. 1. The pair poten-
tials for d- and f-waves change their sign at kz = ±p/4, and
they have line nodes on the Fermi surface. The sign of pair
potentials for p- and f-waves is also changed at the kz = 0.
The pair potential for p-wave, however, has no nodes on
the Fermi surface. By solving the Eq. (2) self-consistently
with Eq. (3), we obtain electronic states and order param-
eters. The critical temperature Tc/tx results in 1.3 (d-wave),
2.6 (p-wave), and 2.2 (f-wave) and jDi(H = 0)j at the lowest
temperature are calculated to be 0.065 (d-wave), 0.135 (p-
wave) and 0.11 (f-wave). Since the vortex core is located
at the central of the plaquette in the xy-plane, the spatial
variation of jDij is very small (it is about 0.1 � 1% of their
bulk values). Therefore, the modulation of the LDOS
around the vortex is also expected to be small.

Fig. 2 shows LDOS at the nearest lattice site to the core
(solid line) and density of states in H = 0 (dashed line) and
normal density of states (dotted line) at the lowest T. In d-
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Fig. 1. The Fermi surface and signs of pairing symmetries are shown for (a) d-wave, (b) p-wave and (c) f-wave symmetries. At kz = p/4, pair potentials for
d- and f-wave have line nodes.
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