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Theoretical study of quasiparticle states near the surface of a quasi-one-dimensional organic
superconductor „TMTSF …2PF6
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Quasiparticle states near the surface of a quasi-one-dimensional organic superconductor (TMTSF)2PF6 are
studied based on an extended Hubbard model on a quasi-one-dimensional lattice at quarter filling. Three types
of pairing symmetries~i! p wave,~ii ! d wave, or~iii ! ‘‘ f wave’’ are assumed. The resulting surface density of
states has characteristic features for each pairing symmetry:~i! a zero-energy peak~ZEP! in a U-shaped
structure,~ii ! a V-shaped structure without ZEP, and~iii ! a ZEP in a V-shaped structure. From these results, we
propose that the tunneling spectroscopy serves as a strong method to identify the pairing symmetry in
(TMTSF)2PF6.
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In recent years, pairing symmetry in various unconve
tional superconductors, such as high-Tc cuprates, heavy fer
mion systems, Sr2RuO4, organic superconductors, and so o
has been extensively studied both experimentally
theoretically.1–4 In particular, quasi-one-dimensional~Q1D!
organic superconductors (TMTSF)2X (X5PF6, ClO4, etc.!
have recently attracted much attention as a possiblespin-
triplet superconductor. Experimentally, the observation o
large critical magnetic fieldHc2 exceeding Pauli paramag
netic limit,5 as well as an unchanged Knight shift acrossTc ,6

strongly suggest spin-triplet pairing. As for the orbital part
the pair wave function, the presence of nodes in the p
potential on the Fermi surface has been suggested f
NMR measurements for (TMTSF)2ClO4 ~Ref. 7! and
(TMTSF)2PF6,6 which exhibit the absence of Hebel-Slicht
peak as well as a power-law decay ofT1

21 belowTc . On the
other hand, a thermal conductivity measurement has s
gested the absence of nodes on the Fermi surface
(TMTSF)2ClO4.8

Theoretically, several previous studies have propose
triplet p-wave pairing state,9–11 for which the nodes of the
pair potential do not intersect the Fermi surface. On the o
hand, a spin-singletd-wave-like pairing mediated by spi
fluctuations has been proposed by several authors.13–15 This
is because superconductivity lies right next to the 2kF spin
density wave ~SDW! phase in the pressure-temperatu
phase diagram.12 Moreover, one of the present authors ha
recently proposed18 that triplet f-wave-like pairing may
dominate overd andp wave in (TMTSF)2PF6 due to a com-
bination of Q1D Fermi surface, coexistence of 2kF SDW and
2kF charge density wave~CDW! suggested from diffuse
x-ray scattering,16,17 and an anisotropy in the spin fluctua
tions. Hereafter we will denote thisf-wave-like pairing as
‘‘ f -wave’’ pairing in the sense that this is not a truel 53
pairing state, but an odd parity state with extra nodes, wh
the pair potential changes its sign as121212 along the
Fermi surface as explained later.

Thus, the situation is not settled either experimentally
theoretically. The purpose of the present study is to prop
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an experimental method to determine which one of the p
ing symmetries is realized in (TMTSF)2PF6.

Now, for the high-Tc cuprates, which has a singletd-wave
pair potential, it has been clarified that the internal pha
causes a drastic interference effect in the quasiparticle s
near surfaces or interfaces, enabling us to detect the
change in the pair potential. Namely, a zero-energy bo
state~ZES! at a ~110! surface of ad-wave superconducto
reflects the sign change of the effective pair potential in
process of the reflection of quasiparticle at the surface.19 The
formation of ZES results in a peak in the surface density
states~SDOS! at Fermi energy~zero-energy! and manifests
itself as a so-called zero-bias conductance peak~ZBCP! ob-
served in scanning tunneling spectroscopy,20–25 which is
considered as a strong evidence for the sign change in
pair potential.

Recently, Senguptaet al. have proposed that the pairin
symmetry in (TMTSF)2X ~Ref. 26! can be determined from
the presence/absence of the ZES on the surface. Altho
their study points out an important aspect, their argumen
mainly restricted to the absence/presence of ZEP, from wh
the p-wave and ‘‘f -wave’’ pairings cannot be distinguished
In fact, as we shall see, one has to look into the overall l
shape of the SDOS to distinguishp- and ‘‘f -wave’’ pairings.
Since the detailed line shape of the SDOS is significan
influenced by the actual shape of the Fermi surface, we h
to consider a more realistic lattice structure, in which t
quasi-one-dimensionality~warping! of the Fermi surface is
taken into account.

In order to meet this requirement, we consider an
tended Hubbard model on a Q1D lattice at quarter-fillin
extending the previous study on a 2D square lattice.27 We
concentrate on (TMTSF)2PF6 because there is no complex
ity ~unit cell doubling! due to anion ordering as in
(TMTSF)2ClO4.28 Three types of physically plausible pai
ings ~i! triplet p wave, ~ii ! singlet d wave, and~iii ! triplet f
wave are studied. The spatial dependence of the pair po
tials is determined self-consistently, and the SDOS is ca
©2001 The American Physical Society10-1
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lated using the self-consistently determined pair potenti
We propose from the calculation results that the quasipar
tunneling spectroscopy should serve as a strong metho
identify the pairing symmetry in (TMTSF)2PF6. The ex-
tended Hubbard model is given as

H52 (
^ i,j &a ,a

~ taci,a
† cj ,a1H.c.!2 (

^ i,j &b ,a
~ tbci,a

† cj ,a1H.c.!

2
V

2 (
( i,j )m ,a,b

ci,a
† cj ,b

† cj ,bci,a2m(
i,a

ci,a
† ci,a , ~1!

wherecia @cia
† # is the annihilation@creation# operator of an

electron with spina5↑,↓ at sitei5( i a ,i b). Hereta@b# is the
hopping integral, and̂ i,j &a@b# stands for summation ove
nearest neighbor pairs in thea@b#-axis direction, respec
tively. V is the interelectron potential between sites separa
by m lattice spacings in thea direction, and (i,j )m represents
summation over pairs of sites separated bym lattice spac-
ings.m depends on the choice of the pairing considered.
choosetb /ta50.1 in order to take into account the Q1
Fermi surface of (TMTSF)2PF6, which is open in thekb
direction. The chemical potentialm is determined so that th
band is quarter filled.

By applying a mean-field approximationD ij
ab5(V/2)

3^ciacjb& is introduced, which represents the supercondu
ing pair potential for pairs formed bya-spin electron on the
ith site andb-spin electron on thej th site. We assume tha
D ij

ab is proportional tod i b , j b
, wherei b and j b are coordinates

in the b direction. Thus the unit cell containsNL sites in the
a direction and one site in theb direction. We consider three
pairing symmetries shown in Fig. 1. Namely,~i! p wave:
Sb50 (Sb is the b component of the total spin of a pai!
triplet pairing between sites separated by 2 lattice spac
(mp52). This is ap-wave pairing because the pair potent
has a 2Dp sin 2kaa, k dependence in the bulk state, so that t
pair potential changes its sign as12 along the Fermi sur-
face ~see Fig. 1!. ~ii ! d wave: singlet pairing between site
separated by 2 lattice spacings (md52). This is ad-wave
pairing in the sense that the pair potential changes its sig
1212 along the Fermi surface due to its 2Dd cos 2kaa k
21451
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dependence in the bulk state.~iii ! f wave: Sb561 triplet
pairing between sites separated by 4 lattice spacingsmf

54). This is anf-wave pairing in the sense that the pa
potential changes its sign as121212 along the Fermi
surface due to its 2D f sin 4kaa k dependence in the bulk state
These three pairings are physically plausible in the sense
they are consistent with the spin alignment of the 2kF SDW
phase of a quarter filled (kF5p/4a) system with an easy axi
in theb direction.18 In other words, the 2kF spin fluctuations
can favor pairing in these channels. In order to representD ij

ab

in a more convenient way, we introduce a new coordinaj
along thea direction. The original coordinatej is represented
as j5( j , j b) with j 51, . . . ,NL . In the b direction, we as-
sumeNb unit cells, and the electrons are Fourier transform
as Cj a(kb)5( j b51

Nb cjae2 ikbj ba, and Cj b(2kb)

5( j b51
Nb cjbeikbj ba, where2p/a,kb<p/a, kb5(2p/Nb)n

with n being an integer. After the Fourier transformation, t
mean-field Hamiltonian becomes

FIG. 1. ~a! An illustration of Cooper pairing in real space an
~b! the shape of Fermi surface fortb /ta50.1 at quarter filling and
the pair potential for~i! triplet p wave (mp52), ~ii ! singletd wave
(md52), and~iii ! triplet ‘‘ f -wave’’ (mf54). In ~a!, the pairs are
depicted by dashed lines and in~b! 1 (2) denotes the region
where the sign of the pair potential is positive~negative!.
HMF5 (
kb ,i , j

@Ci↑
† ~kb!Ci↓

† ~kb!Ci↑~2kb!Ci↓~2kb!#F Hi j ~kb! 0 D i j
↑↑ D i j

↑↓

0 Hi j ~kb! D i j
↓↑ D i j

↓↓

D j i*
↑↑ D j i*

↓↑ 2H ji ~2kb! 0

D j i*
↑↓ D j i*

↓↓ 0 2H ji ~2kb!

GF Cj↑~kb!

Cj↓~kb!

Cj↑
† ~2kb!

Cj↓
† ~2kb!

G ,

~2!
Hi j ~kb!52(
6

@ tad i , j 6112tb cos~kba!d i , j2md i , j #. ~3!

Here, for simplicity, the off diagonal part in Eq.~2! is as-
sumed in the following forms. For thep-wave state
D i j
↑↓5D i j

↓↑5(
6

D i j
p d i , j 62 , D i j

↑↑5D i j
↓↓50, ~4!

for the d-wave state
0-2
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D i j
↑↓52D i j

↓↑5(
6

D i j
d d i , j 62 , D i j

↑↑5D i j
↓↓50, ~5!

and for thef-wave state

D i j
↑↑5D i j

↓↓5(
6

D i j
f d i , j 64 , D i j

↑↓5D i j
↓↑50. ~6!

We have taken the total number of sites asNL5103 and
Nb550. The value of the pair potential and the chemi
potential in the bulk withV/ta54.0 are~i! Dp /ta50.280,
m/ta521.39, ~ii ! Dd /ta50.164, m/ta521.39, and ~iii !
D f /ta50.244, m/ta521.38, respectively. In the actual nu
merical calculation, the above HamiltonianHMF is diagonal-
ized by Bogoliubov transformation,29,30 given by Cia(kb)
5(nUi ,ngn(kb), and Cj b(2kb)5(ngn

†(kb)UNL1 j ,n* , where

n is the index which specifies the eigenstates. Then,
mean-field Hamiltonian described in Eq.~2! is rewritten as
HMF5(kb ,nEn(kb)gn

†(kb)gn(kb), where the operatorgn(kb)
satisfies the fermion’s anticommutation relation. The spa
dependence of the pair potential withl-wave pairing symme-
try is determined self-consistently as

D j , j 6ml

l 5
V

2 (
kb ,n

Uj 6ml ,nUNL1 j ,n* $12 f @En~kb!#%, ~7!

where f @En(kb)# denotes the Fermi distribution function
The procedure is iterated until the pair potentialD i j

l is ob-
tained fully self-consistently. We calculate the SDOS us
the pair potential determined self-consistently. In order
compare our theory with scanning tunneling microsco
~STM! experiments, we assume that the STM tip is meta
with a flat density of states~DOS!, and that the tunneling
probability is finite only for the nearest site from the tip. Th
assumption has been verified through the study of tunne
conductance of unconventional superconductors. This is
cause the magnitude of the tunneling probability of an el
tron is sufficiently low in the actual STM experiments. Th
resulting tunneling conductance spectrum converges to
normalized SDOS3

r~E!5

E
2`

`

dvr1,S~v!sech2S v2E

2kBT D
E

2`

`

dvrN~v!sech2S v12D l

2kBT D , ~8!

r1,S~v!52(
kb

(
n

uU1,nu2d$v2En~kb!% ~9!

at low temperatures, wherer i ,S(v) denotes the SDOS at th
i th site from the surface in the superconducting state
rN(v) denotes the DOS in the normal state. In this pap
rN(v) is obtained from the DOS at theNL/2-th site far away
from the surface.

The obtained spatial dependences of thep-, d-, andf-wave
pair potentials and the corresponding SDOS are plotted
Fig. 2. Since the spatial dependence of the pair potentia
complex, we define the following quantities given by
21451
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p [Re@D j , j 62

p #/Dp , Im@D j , j 62
p #50,

D j ,6a
d [Re@D j , j 62

d #/Dd , Im@D j , j 62
d #50, ~10!

D j ,6a
f [Im@D j , j 64

f #/D f , Re@D j , j 64
f #50.

to visualize the spatial dependences clearly. The left pa
of Fig. 2 is the obtained result for the spatial dependence
the pair potential near a surface normal to thea axis, and the
right panels show the SDOS at the surface normal to thea or
b axis along with the bulk DOS.

First, let us look into the results for the tripletp-wave
pairing state shown in upper panels of Fig. 2@see Figs. 2~a!
and 2~b!#. Since triplet Cooper pair is formed between tw
electrons with 2 lattice spacingsD j ,a

p 52D j 12,2a
p is satisfied.

Both the magnitude ofD j ,a
p andD j ,2a

p is suppressed near th
surface and approaches 1 and21 in the middle of supercon
ductor, respectively. As shown in Fig. 2~b!, the correspond-
ing DOS has a U-shaped gap structure similar to that of
conventionals-wave pairing due to the fact that the nodes
the pair potential do not intersect the Fermi surface. The Z
shows up in SDOS at the surface normal toa axis due to the
formation of ZES, since an injected and reflected quasipa
cle feel different sign of the pair potential.31 On the other
hand, at the surface normal to theb axis, since an injected

FIG. 2. The left panels are the spatial dependences of the
potentials along thea axis near the surface in thel-wave state (l
5p, d, ‘‘ f ’’ !, and the right panels show the SDOS at the surfa
normal to thea or b axis along with the bulk density of states.
0-3
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and reflected quasiparticle feel the same pair potential,
ZES is not formed and the resulting SDOS has no ZEP,
sulting in a overall line shape similar to that of the bu
DOS. These results for thep-wave pairing are consisten
with those in Ref. 26.

Next, we look into the corresponding quantities in sing
d-wave pairing case@see Fig. 2~c! and 2~d!#. Since the pair is
formed between sites separated by 2 lattice spacings,D j ,a

d

5D j 12,2a
d is satisfied. The obtained spatial dependence

the pair potential exhibits a atomic-scale spatial oscillat
near the surface and converges to the bulk value toward
middle of the lattice. These features are similar to the pre
ous results for the extended Hubbard model on a 2D squ
lattice.27 The corresponding SDOS~and bulk DOS! has a
V-shaped structure due to the existence of nodes of the
potential on the Fermi surface. However, since an injec
and reflected quasiparticle feel the same pair potential bo
the surfaces normal toa and b axis, no ZEP appears in th
SDOS@see Fig. 2~d!#.

Finally, we move on to the case of the tripletf-wave pair-
ing. The f-wave pair@see Fig. 1~a! ~iii !# is formed between
sites separated by 4 lattice spacings, so the resulting
potential satisfiesD j ,a

f 52D j 14,2a
f . As seen from Fig. 2~e!,

the obtained pair potential has a complex spatial depende
as compared to that of thep-wave pairing. Comparing Fig
2~b! and Fig. 2~f!, it can be seen that thef-wave pairing
belongs to the same class as that of thep-wave pairingas far
as the absence/presence of the ZEP is concerned,as has been
pointed out in Ref. 26. However, since thef-wave pair po-
tential has nodes on the Fermi surface, the resulting SD
~and bulk DOS! has a V-shaped structure similar to that f
the d-wave case in sharp contrast with the case ofp-wave
pairing.

In total, as summarized in Table I, thep-, d-, and f-wave
pairings can be clearly distinguished from the combinat
of the overall line shape of the SDOS and the presen
absence of thea-axis ZEP. In summary, we have studied t
quasiparticle SDOS of an organic superconduc
(TMTSF)2PF6 based on an extended Hubbard model on
Q1D lattice at quarter filling. The nonlocal feature of the p
potential and the atomic-scale geometry of the surface
explicitly taken into account in the present calculation. Th
si
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types of pairing symmetries~i! p wave,~ii ! d wave, and~iii !
f wave have been considered. The calculation results sug
that we can clearly distinguish the present three pairing sy
metries from tunneling spectroscopy. We believe our theo
ical prediction can be verified experimentally in the near
ture. It is an interesting future problem to investigate ho
our results will be modified for (TMTSF)2ClO4, in which a
unit cell doubling due to anion ordering takes place.28 In this
paper, the effect of the roughness on the quasiparticle den
of states is not taken into account. As regards the highTc
cuprates, atomic scale roughness influences the local de
of states of the quasiparticles27 and the ZEP is expected eve
for ~100! surface with step structure. However, thanks to t
development of the microfabrication technology, recent e
perimental results of tunneling spectroscopy using well o
ented interface24,25 are consistent with the theoretica
prediction20 based on a flat interface. In the present paper,
situation is different, where Cooper pair is formed betwe
two electrons along thea-axis direction. In such a case, eve
if there is atomic scale roughness as in the high-Tc cuprates,
the ZEP may not appear ford-wave pairing since the quasi
particles do not feel the sign change of the pair potential.
this context, it is an interesting future problem to stu
whether the ZEP in the SDOS remains forp- or f-wave pair-
ings under the existence of the roughness. Our investiga
on this point is now underway.
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TABLE I. Surface density of states~SDOS! for p-, d-, and
f-wave pairings.

Symmetry SDOS

p wave U-shaped1 a-axis ZEP
d wave V-shaped1 No ZEP
f wave V-shaped1 a-axis ZEP
wa,
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