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Theoretical study of quasiparticle states near the surface of a quasi-one-dimensional organic
superconductor (TMTSF),PFg
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Quasiparticle states near the surface of a quasi-one-dimensional organic superconductor ;FAT&E)
studied based on an extended Hubbard model on a quasi-one-dimensional lattice at quarter filling. Three types
of pairing symmetriesi) p wave, (i) d wave, or(iii) “ f wave” are assumed. The resulting surface density of
states has characteristic features for each pairing symmetrg zero-energy peakZEP) in a U-shaped
structure ii) a V-shaped structure without ZEP, afiiil) 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),PF;.
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In recent years, pairing symmetry in various unconven-an experimental method to determine which one of the pair-
tional superconductors, such as higheuprates, heavy fer- ing symmetries is realized in (TMTSFPFR;.
mion systems, $RuQ,, organic superconductors, and so on,  Now, for the highT, cuprates, which has a singkktvave
has been %tenswe[y studied both experimentally anghair potential, it has been clarified that the internal phase
theoretically:™ In particular, quasi-one-dimensioné®1D) ¢4 ses a drastic interference effect in the quasiparticle states
organic superconductors (TMTSR) (X=PFs, CIO,, etc) near surfaces or interfaces, enabling us to detect the sign

have recently attracted much attention as a possple- chanae in the pair potential. Namelv. a zero-enerav bound
triplet superconductor. Experimentally, the observation of a 9 pair p ) Y, 9y

large critical magnetic fieldH., exceeding Pauli paramag- state(ZES) at_ a (110 surface of ad—vx{ave sgperconduc_tor
netic limit® as well as an unchanged Knight shift acrdss® reflects the sign change of the (laﬁeclnve pair potential in the
strongly suggest spin-triplet pairing. As for the orbital part of Process of the reflection of quasiparticle at the surfgd'eh(_a
the pair wave function, the presence of nodes in the paiformatlon of ZES resuilts in a peak in the surface dgnsﬂy of
potential on the Fermi surface has been suggested froffates(SDOS at Fermi energyzero-energy and manifests
NMR measurements for (TMTSKRFIO, (Ref. 7 and itself as a so-called zero-bias conductance pe&aCP) ob-
(TMTSF),PF; 8 which exhibit the absence of Hebel-Slichter served in scanning tunneling spectrosc8py?” which is
peak as well as a power-law decayTgf* belowT,. On the considered as a strong evidence for the sign change in the
other hand, a thermal conductivity measurement has sugdpair potential.
gested the absence of nodes on the Fermi surface in Recently, Senguptat al. have proposed that the pairing
(TMTSF),ClO,.2 symmetry in (TMTSF)X (Ref. 26 can be determined from
Theoretically, several previous studies have proposed the presence/absence of the ZES on the surface. Although
triplet p-wave pairing staté; ! for which the nodes of the their study points out an important aspect, their argument is
pair potential do not intersect the Fermi surface. On the othemainly restricted to the absence/presence of ZEP, from which
hand, a spin-singlet-wave-like pairing mediated by spin the p-wave and ‘f-wave” pairings cannot be distinguished.
fluctuations has been proposed by several autiol8This  In fact, as we shall see, one has to look into the overall line
is because superconductivity lies right next to the 8pin  shape of the SDOS to distinguigh and “f-wave” pairings.
density wave (SDW) phase in the pressure-temperatureSince the detailed line shape of the SDOS is significantly
phase diagran? Moreover, one of the present authors haveinfluenced by the actual shape of the Fermi surface, we have
recently propose€d that triplet f-wave-like pairing may to consider a more realistic lattice structure, in which the
dominate oved andp wave in (TMTSF}PF; due to a com- quasi-one-dimensionalitijwarping of the Fermi surface is
bination of Q1D Fermi surface, coexistence 665DW and  taken into account.
2ke charge density wavéCDW) suggested from diffuse In order to meet this requirement, we consider an ex-
x-ray scattering®'” and an anisotropy in the spin fluctua- tended Hubbard model on a Q1D lattice at quarter-filling,
tions. Hereafter we will denote thiswave-like pairing as extending the previous study on a 2D square laftfcdle
“f-wave” pairing in the sense that this is not a trbe 3 concentrate on (TMTSEPFR; because there is no complex-
pairing state, but an odd parity state with extra nodes, whergy (unit cell doubling due to anion ordering as in
the pair potential changes its sign &s- + — +— along the  (TMTSF),ClO,.?® Three types of physically plausible pair-
Fermi surface as explained later. ings (i) triplet p wave, (ii) singletd wave, and(iii) triplet f
Thus, the situation is not settled either experimentally owave are studied. The spatial dependence of the pair poten-
theoretically. The purpose of the present study is to propostals is determined self-consistently, and the SDOS is calcu-
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lated using the self-consistently determined pair potentials b
We propose from the calculation results that the quasiparticl (0 L
tunneling spectroscopy should serve as a strong method ° (0) p-wave (it) d-wave (iti) f-wave
identify the pairing symmetry in (TMTSEPF;. The ex- ] ' N . ]
tended Hubbard model is given as

H=—<_; (taci‘facj,anLH.c.)—(.; (toC] 4Cj.a+H.C)
L))a @ L))p.a

\4 ko - +1r- + -+ - =
Tt T 5 e

. ¢l 581 5C1a— 12 €l oCi 1)
(.)m. B i

wherec;, [c! ] is the annihilatior{creatior] operator of an ~ -= |
electron with spine=1, | at sitei=(i,,i,). Heret,[,] is the K % 2D X g ko .
hopping integral, andi,j)[,] stands for summation over
nearest neighbor pairs in thab]-axis direction, respec- FIG. 1. (@ An illustration of Cooper pairing in real space and
tively. V is the interelectron potential between sites separatetp) the shape of Fermi surface fog/t,=0.1 at quarter filling and
by m lattice spacings in the direction, and {,j),, represents the pair potential fofi) triplet p wave (m,=2), (i) singletd wave
summation over pairs of sites separatedrbyattice spac- (Ma=2), and(iii) triplet * f-wave” (m;=4). In (a), the pairs are
ings. m depends on the choice of the pairing considered. Wa&epicted by dashed lines and {h) + (—) denotes the region
chooset, /t,=0.1 in order to take into account the Q1D where the sign of the pair potential is positigreegative.
Fermi surface of (TMTSEPF;, which is open in thek,
direction. The chemical potential is determined so that the dependence in the bulk stat@ii) f wave: S,=+1 triplet
band is quarter filled. pairing between sites separated by 4 lattice spacimgs (
By applying a mean-field approximation{”=(V/2)  =4). This is anf-wave pairing in the sense that the pair
x(ciacjﬁ> is introduced, which represents the superconductpotential changes its sign as— + — + — along the Fermi
ing pair potential for pairs formed by-spin electron on the  surface due to its &; sin 4,a k dependence in the bulk state.
ith site andg-spin electron on th¢th site. We assume that These three pairings are physically plausible in the sense that
A is proportional tos;, j,. wherei, andj, are coordinates  they are consistent with the spin alignment of thge SDW
in the b direction. Thus the unit cell containé, sites in the phase of a quarter filledkg= w/4a) system with an easy axis
a direction and one site in thedirection. We consider three in theb direction® In other words, the - spin fluctuations
pairing symmetries shown in Fig. 1. Namely) p wave: can favor pairing in these channels. In order to repreAﬁﬁt
S,=0 (S, is the b component of the total spin of a pair in a more convenient way, we introduce a new coordifate
triplet pairing between sites separated by 2 lattice spacingalong thea direction. The original coordinajeis represented

(m,=2). This is ap-wave pairing because the pair potential asj=(j,jp) with j=1,... N_. In the b direction, we as-
has a 2, sin ,a, k dependence in the bulk state, so that thesumeN,, unit cells, and the electrons are Fourier transformed
pair potential changes its sign as— along the Fermi sur- 3g Cja(kb):E;\lbilcjae_ikbjba, and C;s(—kp)

b=

face (see Fig. 1 (ii) d wave: singlet pairing between sites ikpjpa B
separated by 2 lattice spacingsif=2). This is adwave — >j,-1Cis€ " where —m/a<k,<m/a, ky=(27/Np)n
pairing in the sense that the pair potential changes its sign agith n being an integer. After the Fourier transformation, the
+—+— along the Fermi surface due to itaA\gcos X,a k  mean-field Hamiltonian becomes

Hij (kp) 0 Al Al Cj(kp)
- . . 0 Hii(ky) Al At Cj (k)
Hue= 20 [Ch ()G H)Ci(—k)Cu—ko)ll yurr il g o Cli—ko) |
AR ARt 0 —Hji(—kp) | L CJ (—kp)
)
[
Hij(kp) == 2 [tad) o1+ 2ty cotky@) 5= 8] (3 Afl=Af=2 MRS .o, All=Af=0, @

Here, for simplicity, the off diagonal part in Eq2) is as-
sumed in the following forms. For thewave state for the d-wave state
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Aﬁjl=—Aile:Z AGS e, All=AK=0, (5

and for thef-wave state

N,=50. The value of the pair potential and the chemical 7] 5 12
potential in the bulk withV/t,=4.0 are(i) A,/t,=0.280,
ult,=—1.39, (i) Ay/t,=0.164, ul/t,=—1.39, and (iii)
A¢/1,=0.244, pult,= —1.38, respectively. In the actual nu-
merical calculation, the above Hamiltoniaf),e is diagonal-
ized by Bogoliubov transformatiof?;*® given by C; (k)
=3,U ,v.(Kp), and Cjﬁ(_kb)IEﬁz(kb)UﬁLﬂ,w where
v is the index which specifies the eigenstates. Then, th:
mean-field Hamiltonian described in E@) is rewritten as
M=k, »E.(Ko) 1(K5) 7,(ks) , where the operatoy, (kp)
satisfies the fermion’s anticommutation relation. The spatia
dependence of the pair potential withvave pairing symme-
try is determined self-consistently as p

We have taken the total number of sites Ms=10> and A e ] j&

n

d pair potential

1ze

k=)

20 40

Normalized Local Density of States

Normal,

\
Ajjem=3 & Uiem M+ 1~ TEL)T - ()
—1 (e) :"~., -

.........

where f[E,(kp)] denotes the Fermi distribution function. 0 4 8 12 16
The procedure is iterated until the pair potenMj is ob- Number of lattice sites
tained fully self-consistently. We calculate the SDOS using

the pair potential determined self-consistently. In order to FIG. 2. The left panels are the spatial dependences of the pair
compare our theory with scanning tunneling microscopypotentials along the axis near the surface in tHewave state [(
(STM) experiments, we assume that the STM tip is metallic=p, d, “f”), and the right panels show the SDOS at the surface
with a flat density of state$DOS), and that the tunneling normal to thea or b axis along with the bulk density of states.
probability is finite only for the nearest site from the tip. This

E/24,

assumption has been verified through the study of tunneling A]Piaz Rq:A]Pjiz]/Ap! Im[A]Pjtz]:Ov
conductance of unconventional superconductors. This is be- ' ' '

cause the magnitude of the tunneling probability of an elec- A? A= Rd:A?j+2]/Ad! |m[A}j,—+2]=0, (10)
tron is sufficiently low in the actual STM experiments. The " o o

resulting tunneling conductance spectrum converges to the Ajf,taElm[Ajf,jtﬂ/Afi Re[Ajf’jﬂ]:O.

normalized SDO% o _
to visualize the spatial dependences clearly. The left panels

o w—E of Fig. 2 is the obtained result for the spatial dependence of
j dwpy o w)SeCH(m) the pair potential near a surface normal to #hexis, and the
p(E)= -~ B ' (8) rightl panels sh_ow the SDOS at the surface normal tathe
f” dop (w)secl"r( w+2A|) b axis along with the bulk DOS.
e N 2kgT First, let us look into the results for the triplptwave

pairing state shown in upper panels of Fig.se Figs. &)
and 2b)]. Since triplet Cooper pair is formed between two
prew)= 2; 2 (U2 8{0—E,(ky)} (9 electrons with 2 lattice spacings’ .= — AP, , __ is satisfied.
b7 Both the magnitude oA, andA _, is suppressed near the
at low temperatures, whegg (w) denotes the SDOS at the surface and approaches 1 and in the middle of supercon-
ith site from the surface in the superconducting state anductor, respectively. As shown in Fig(l2, the correspond-
pn(w) denotes the DOS in the normal state. In this papering DOS has a U-shaped gap structure similar to that of the
pn(w) is obtained from the DOS at thé, /2-th site far away conventionak-wave pairing due to the fact that the nodes of
from the surface. the pair potential do not intersect the Fermi surface. The ZEP
The obtained spatial dependences offihal-, andf-wave  shows up in SDOS at the surface normahtaxis due to the
pair potentials and the corresponding SDOS are plotted ifiormation of ZES, since an injected and reflected quasiparti-
Fig. 2. Since the spatial dependence of the pair potential isle feel different sign of the pair potenti.On the other
complex, we define the following quantities given by hand, at the surface normal to theaxis, since an injected
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and reflected quasiparticle feel the same pair potential, the TABLE |. Surface density of state§SDOS for p-, d-, and
ZES is not formed and the resulting SDOS has no ZEP, refwave pairings.

sulting in a overall line shape similar to that of the bulk
DOS. These results for thp-wave pairing are consistent Symmetry SDOS
with those in Ref. 26.

Next, we look into the corresponding quantities in singlet
d-wave pairing casgsee Fig. Zc) and 2d)]. Since the pair is
formed between sites separated by 2 lattice spaciﬁg§,
=A?+2y,a is satisfied. The obtained spatial dependence of N o B
the pair potential exhibits a atomic-scale spatial oscillatiorfyPes of pairing symmetries) p wave, (i) d wave, andiii)
near the surface and converges to the bulk value toward tHevave have been considered. The calculation results suggest
middle of the lattice. These features are similar to the previ:[hat we can clearly distinguish the present three pairing sym-
ous results for the extended Hubbard model on a 2D Squag@etrles from tunneling spectroscopy. We believe our theoret-

lattice?” The corresponding SDO%nd bulk DOS has a ical prediction can be verified experimentally in the near fu-
ey : ture. It is an interesting future problem to investigate how
V-shaped structure due to the existence of nodes of the pawur results will be modified for (TMTSKEIO,, in which a

potential on the Fermi surface. However, since an injecte it cell doubling due t : dering tak 12 thi

and reflected quasiparticle feel the same pair potential both it cetl doubling due to anion ordering takes piactn this -
the surfaces normal ta andb axis, no ZEP appears in the paper, the effect of the roughness on the quasiparticle density
SDOS[see Fig. 2d)] ' of states is not taken into account. As regards the Righ-

Finally, we move on to the case of the tripfeave pair- cuprates, atomic scale roughness influences the local density

ing. Thef-wave pair[see Fig. 1a) (iii)] is formed between of states of the qua_tsmarﬂc?@sand the ZEP is expected even

sites separated by 4 lattice spacings, so the resulting pafi r (100 surface with step structure. However, thanks to the
evelopment of the microfabrication technology, recent ex-

potential satisfies\| ,= —A[,,_,. As seen from Fig. @), erimental results of tunneling spectroscopy using well ori-
the obtained pair potential has a complex spatial dependence 9sp by 9

i 25 [ . .
L . .~ "ented interfacé?® are consistent with the theoretical
as compar(_ed to that of thewave pairing. Comparlng _F|g. predictiorf® based on a flat interface. In the present paper, the
2(b) and Fig. 2f), it can be seen that thEwave pairing Lo L
e situation is different, where Cooper pair is formed between
belongs to the same class as that ofgtheave pairingas far

. two electrons along tha-axis direction. In such a case, even
as the absence/presence of the ZEP is concearetias been if there is atomic scale roughness as in the higleuprates
pointed out in Ref. 26. However, since thavave pair po- 9 greup '

tential has nodes on the Fermi surface, the resulting SDOg'e .ZEP may not appear faxicwave pairing since the quasi-
(and bulk DOS has a V-shaped structure similar to that for particles do not feel the sign change of the pair potential. In

. : this context, it is an interesting future problem to study
:)haeir?n;vave case in sharp contrast with the caseotave whether the ZEP in the SDOS remains feror f-wave pair-

In total, as summarized in Table I, tipe, d-, andf-wave ings under the existence of the roughness. Our investigation

pairings can be clearly distinguished from the combination”" this point is now underway.
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p wave U-shaped+ a-axis ZEP
d wave V-shaped+ No ZEP
f wave V-shaped+ a-axis ZEP
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