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Spin-triplet f-wave-like pairing proposed for an organic superconductor(TMTSF),PFg
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By examining how the spin- and/or charge-fluctuation exchange can contribute to pairing instabilities, we
propose that a spin-triplétwave-like pairing with ad-vector perpendicular to thie-axis may be realized in
(TMTSF),PF; due to(i) a quasi-one-dimensional Fermi surfa@é), a coexistence of - charge fluctuations
and spin fluctuations, an(ii) an anisotropy in spin fluctuations. Fluctuation-exchange study for the Hubbard
model confirms the poir(i), while a phenomenological analysis is given fioy and(iii ). The proposed pairing
is consistent with various experiments.
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[. INTRODUCTION Fermi surfacegalthough they are weakly hybridized to re-
sult in two 2D Fermi surfacesso the ruthenate seems to
Spin-triplet pairing is conceptually fascinating, but thereshare several features with the TMTSF compound, although
seem to be few examples. Recently an organic supercornthe strong charge fluctuation employed in Takimoto's
ductor, (TMTSF}PF;, has attracted much attention since amechanism is yet to be detected experimentally jRB0O;.
triplet pairing is suggested from an observation of ldrge! However, the triplet pairing mechanism of (TMTSPFg
as well as from a Knlght shift eXperime%lWhile the absence cannot be the same with that of 28|UO4 since a (the
of Hebel-Slichter peak and the power-law decayTof' be-  .yector characterizing the triplet pairing z (easy axis of

low Tclz suggest an anisotropic pairing with nodes in the gapine sping is experimentally suggested in the forménhile

If triplet pairing is indeed realized in (TMTSHPF;, its T 5

. . . . > d||z in the latter*® In the present paper, we propose that a

mechanism is a challenging theoretical puzzle: in the’ i . IS )
pressure-temperature phase diagram for this material the sffiPlét f-wave-like pairing with dLz can take place in
perconductivity lies right next to thekg spin density wave (TMTSF);PFs due to acombinationof (i) the quasi-one-
(SDW), so that if one seeks an electronic origin, a spin-dimensionality of the Fermi surfacéij) coexistence of ke
singlet d-wave-like pairing mediated by spin fluctuations is SPin and charge fluctuations, afid) the anisotropy in the
most naturally expected as proposed by several authdrs. SPin fluctuations. In the first part of the paper, we focus on
If, on the other hand, one assumes a phonon-mediated attrdg@W the quasi-one-dimensionality works favorably folre the
tive interaction, triplet pairing, with nodes in the gap in gen-triPlet pairing, and perform a fluctuation-exchang&EX)
eral, would seem less favorable compared to singleave calpulatlon for the on-site repglsmn Hubbard model on a
pairing without nodes. Recently, Kohmoto and Satave lattice for (TMTSF)PFs. Then, in the second part, we dis-
proposed that this difficulty in the phonon mechanism maycuss phenomenologically how the triplet pairing can become
be circumvented for TMTSF compounds, where they showfOmpetitive against the singlet when charge fluctuations co-
that the quasi-one dimensionality of the Fermi surface, alongXist with spin fluctuations. We finally point out that the
with the presence of Spin fluctuations, makes a trip.{m‘ave anisotropy in the spin fluctuations should further favor triplet
pairing without nodes on the Fermi surfaadominate over pairing with dlz.
s-wave pairing. However, it is not clear if such a nodeless
gap can be reconciled with the absence of Hebel-Slichter
peak and the power-la\'ﬁ[l in (TMTSF),PF;. Il. FORMULATION

If we turn to another prominent candidate for triplet su- ] ) _
perconductivity accompanied by SDW fluctuatidns, ~We first consider the on-site Hubbard modet
SKRUO,, Takimoto recently proposed thahargefluctua- = 2(ij)etijCisCio+ UZiniin;;, in the hole picture on a
tions (or more precisely orbital fluctuationshould arise quasi-1D lattice [ts|>|t;|) depicted in Fig. 1. There ane
from repulsions between degeneratetbitals, and that the =0.5 holes per site. Since sites A and B are inequivalent for
coexistence of spin and charge fluctuations may lead to &y #tg, and t;;#t,, (dimerization of the moleculgswe
triplet pairing® This makes us recall an experimental factadopt the two-band version of the FLEX*® (although we
that a g charge density waveCDW) actuallycoexistavith  shall see that the dimerization is not essential in our argu-
the SDW in (TMTSF)PF; as suggested from x-ray diffuse menp.
scattering® In another theory for $RuQ,, Sato and For later discussions, we first recapitulate the one-band
Kohmoto!! and independently Kuwabara and OgHthave  version of FLEX in a general fashion, where we proce@d:
proposed thaganisotropyof the spin fluctuations, known to Dyson’s equation is solved to obtain the renormalized
be present experimentally may give rise to a triplep-wave  Green’s functionG(k), wherek is a shorthand for the wave
pairing. The anisotropy of spin fluctuations is also present irvector k and the Matsubara frequencye,, (i) the
(TMTSF),PFR,.2* Moreover, SsRuQ, has two quasi-1D fluctuation-exchange interactiof*)(q), given as>’
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FIG. 1. The lattice considered with the hopping integrals taken
to bet51= _28, tszz - 25, t|1: +02, t|2: +05, t|3: —05in
units of a typical energy scale, 100 meV, for organics after Ref. 17.
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vi(q)= §V§,§(Q)+Vs+p (@) +5Ver(d), (1)
FIG. 2. Contour plots of|G(k,imkgT)|? (@), x(9,0) (b),
consists of the contribution from longitudina®) and trans- ~ ¢s(k,imksT) (), and ¢(k,i mkgT) (d) for n=0.5, U=8, andT
verse (+ —) spin fluctuationgsp) and that from charge fluc- =0.015.

tuations(ch). For the on-site Hubbard model in particular,

Vi=Vg, (=Ve)=U**® and V4=U?x®", where the quarter filling, we concentrate on Green’s function and the
spin and the charge susceptibilities are given asrder parameter in that band, denotedGaand ¢, ¢, , re-
X)) =x"(@)/[1-Ux"(q)] and x*(q)=x"(a)/[1  spectively. As for the spin susceptibility, we diagonalize the
+Ux"(a)], respectively, using the irreducible susceptibility 2 2 matrix y5° and concentrate on the larger eigenvalue,
irr _ . .

x"(q)=—1INZ,G(k+q)G(k) (N: number of k-point  genoted ag. To ensure convergence at low temperatures in
meshes (iii) V() then brings about the self-energ¥(k)  the two-band system we had to takex684 k points ande;,
=1NZG(k—q)VP(q), which is fed back to Dyson's from —(2N,—1)#T to (2N,—1)=T with N, up to 8192.
equation, and the self-consistent loop is repeated until con-
vergence is attained.

T, is the temperature where the eigenvaluef the fol-
lowing Eliashberg equation for the superconducting order
parameterp(k) reaches unity.

lll. FLEX RESULTS FOR THE HUBBARD MODEL —
ADVANTAGE OF THE QUASI-ONE DIMENSIONALITY

- In Fig. 2, we show contour plots 45 (k,imkgT)|? (a),

Y K)=— — k') G(K’ 2V(2) k—k'). 2 X(k,O) (b), (,Z')S(k,l’JTkBT) (C), and ¢t(k,|WkBT) (d) for T
nPulk) N% BulkOIGRDIFVE ) @ =0.015. The Fermi surface as identified from the ridge in
|G(k)|? is a pair of warped quasi 1D pieces. The spin sus-

Here, the pairing interactioW;’(q) is given as ceptibility x(q.0) has a peak @@~ (,/2) (or (/2.7/2)

1 1 in the unfolded Brillouin zone in the absence of dimeriza-
VP(q)= §V§§(Q)+V§p_(Q)— 5 Ven(@) (3)  tion), as expected from the nesting vector and in agreement
with experimental result&:?2 The singlet pairing order pa-
for singlet pairing, rameter is seen to change sign in such a way thaps(k)
= ¢s(—k), and(ii) ¢¢(k) has opposite signs across the nest-
V(q)=— %Véé(Q)_ %Vch(Cl) (4)  ing vectorQ so that the repulsivé/*(Q) [Eq. (3)] acts as

an attractive interaction in the gap equation. We call the

singlet pairing a ‘t-wave” in that the sign ofp¢(k) changes

like +—+— if we rotationally scan the Fermi surface,

1 L 1 which is consistent with previous studi&s.

5 V(@) ~Vgp (A)— 5 Ver(Q) (5 For the triplet pairing, by contras/(?(Q) is attractive

. [Egs.(4) or (5)] with Vs*p’ =Vgp), so that the order parameter

for triplet pairing withS,=0 (d|/z). In the on-site Hubbard should have the same sign acr@sThis requirement, along

model, V>V, is satisfied, so thg/{?|=(1/3)[V{?)| holds  with the condition for a triplet order parametes,(k)

with V{P)=v@=v{. =—¢(—k), can be satisfied by adding extra nodal lines
In the two-band version of FLEXG, x, X, and ¢ all alongk,~0 andk,~ 7 (mod 27). We call this pairing an *

become X 2 matrices, whose elements are denoteGas f wave” in that ¢ behaves this time liket —+ —+—

etc. witha, 8= A or B in the site representation, which may along the Fermi surface.

be converted to the band representation with a unitary trans- A virtue of the quasi-one dimensionality is that the mag-

form. Since the Fermi surface lies in the lower band fornitudes,|¢<(k)| and|¢.(k)|, are almost identical around the

for triplet pairing with totalS,= +1 (dLz), and

Vi) =
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1/3 o above® This can be seen in Eqé3) and (4), where an in-
03 crease iV, enhance$V(?)| and suppressd¥{?)| (as far as
3 \ Vgp> 3V, for isotropic spin fluctuations assumed for the
< time being. Now, if we take the coexistence okg SDW
~ 02 e and Xg CDW in (TMTSF)LPF; to be V¢(Q)=V(Q),
< T Egs. (3) and (4) dictate that|V{?(Q)|=|V®(Q)|, so “f"
T does indeed compete withd;” but the competition is still
01 subtle.
0 0.02 0.04
T

V. SPIN FLUCTUATION ANISOTROPY

FIG. 3. \{/\¢ plotted as a function of temperature for the pa-
rameter values adopted in Fig. olid line), or for t;,=—t3
=1.2 (dashed ling

Is there any mechanism that further favors the triplet pair-
ing? Magnetic anisotropy is, in our view, one. It has actually
been revealed experimentally for (TMTSPF; that the
SDW has an easy axis in thedirection* which implies that
Fermi surface as seen from Figgag 2(c), and 2d). In fact,  vZ{(Q)>V_,™(Q) is satisfied forz taken to be|b. In such a
the “f wave” here is to ‘'d wave” whatp wave is toswave  sijtuation, the ‘f” pairing is more favorable in th&,= +1
in Kohmoto-Sato’s pictufein that a singlet is converted into channel sincévgf)|>|V§H2)|. The condition for “f” domi-

a triplet by introducing extra nodes that do not affgtk)|  nating over ‘d” now reads|V{?(Q)|>V?(Q), or
on the Fermi surface. In such a situation, the difference be-

tweenkg and \; comes almost entirely from the difference v Ve 6
betweenV®(Q)| and|V{?(Q)| in the Hiashberg equation e Q)=Vsp (Q) ©)
(2). from Egs.(3) and(4). This last condition should be satisfied

Our result shows that the ratia /As indeed tends to 1/3  jn (TMTSF),PF; because the spins do not order in the trans-
at low temperaturegFig. 3; solid ling, which reflects the yerse direction even in the SDW phase, while the charges do.
ratio |V{)(Q)/V{?(Q)|=1/3 in the on-site Hubbard model. e stress thadll 7 with Z|b is consisterff with the experi-
The ratio approaches to 1/3 as the temperature is lowereghental result: it is when the magnetic field is appliedallel
because the ridge iiG|* sharpens so that the triplet pairing, to the b-axis that (i) H., becomes largest at low
with the order parameter vanishing aroukg=0,7, be-  temperature$,and(ii) the Knight shift is unchanged across
comes more favorable. We can also confirm that quasi-1D ig .2
exploited in realizing\;/As=1/3 by pushing the system to- The mechanism in which the anisotropy of the spin fluc-
ward 2D with larger value df,, and|t,5|, for which the ratio  tuations favors triplet pairing is reminiscent of the one pro-
\¢/\; deviates from 1/3 even at low temperatuf€sg. 3; posed in Refs. 11 and 12 for RuQy, but a crucial differ-
dashed ling ence is that Refs. 11 and 12, which do not consider charge

fluctuations, conclude p-wave pairing withS,=0 in agree-

ment with the experimental results suggestidgz in
IV. EFFECT OF THE CHARGE FLUCTUATION SrL,RuUQ,.'® Let us see how this would occur in the present

context. IfV§FZ,>(2V§p’ +V,), we can see from Ed5) that

ol e s fr seen vt e diferencenhetieen Q) becomesspiie i wl e et

ing having an order parameter with opposite signs acfpss
ence betweefv{’(Q)| and|V{?(Q)| in a quasi-1D system. Tr?is reql?irement, a?ong with the trFi)[?let congitio@t((%
The “f wave” proposed here is an appealing candidate, be— _ é(—k), can be satisfied by putting nodes onlylgt
cause it can account for both experimentally suggested triplet 9 and ko=, thereby making the order parameter node-
pairing and the nodes in the superconducting gap. Howeveless on the Fermi surface as in Refs. 6 and 7. Specifically, if
even for a quasi-1D system,f" is only 1/3 competitive v, /Viiand \{, /VZ are both sufficiently small, the pairing
against ‘d” as far as thf on—s!te repulsmn I-Lubbard model 'Sinteractionsvgz) (favoring “d"), Vg) ("), and V§||2) )
concerng,-d—to mal2<ef dominate over "d,” we need 10 yj| all have similar magnitudes, so thpwave pairing, with
have|V{?(Q)|>|V(Q)|. So at this stage we depart from ng nodes on the Fermi surface, should dominate over the
the Hubbard model to argue phenomenologically how somethers. Thus, the f pairing is not realized unles¥g,/VZ;
factors in the actual (TMTSEPFR; that are not taken into g significant even if Eq(6) is satisfied(see Fig. 4
account in the simple Hubbard model can indeed make * In this context, a possibly related problem is the pairing
competitive against d.” symmetry in (TMTSF)CIO,, another candidate for a triplet
An important experimental fact for (TMTSEpF; that  superconductor. For this compound an NMR experiment
cannot be explained by the on-site Hubbard model is that 8uggests a presence of nodes on the Fermi sutfagkile a
2k CDW actually coexists with thekz SDW° The coex-  recent thermal conductivity measurement suggests a node-
istence of spin and charge fluctuations can favor triplet pairtess gap” If we adopt the latter result, the nodelgssvave
ing as pointed out for SRuQ, by Takimoto mentioned pairing should become a strong candidate. Then a compari-
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withd i Z (¢) 2kg CDW

FIG. 4. A phase diagram against the charge/spin aig/{zp)
and the spin anisotropy axiyfpflvgé). The solid line is according
to Eqg. (6), while dashed lines are schematic.

FIG. 5. An intuitive picture of pairing in real space at quarter
filling. The arrows point the direction of the spin, while the length
of the arrows represent the amount of charge. Cases for gyre 2

. . SDW (a), coexisting X SDW and CDW(b), and pure k- CDW
son of the magnitude of the charge fluctuation as well as thgC @ 9 % (b) ’ F

N ) are shown. The pairs are depicted by dashed lines.
direction ofd between (TMTSF)CIO, and (TMTSF}PF;
will be a crucial test.

Having discussed the lower bound Wf,/VZZ for * f»  Parameter will -~ essentially —have a  cogfglike
ng>1’ sin- k,-dependencd cosk,)-like dependence with nodes &t

pairing, how about an upper bound? Whég,/Vg e . e .
glet s-wavepairing with ¢(k) ~ constant should enter as the = ™/2,37/2 in the folded Brillouin zong which roughly
means that the singlet pairs are mainly formed between sites

dominant pairing. This is becau&éz) becomesattractive . . ! s . -=
separated by two lattice spacings in thgirection. This is

for Vep>(Vert2Vg, ), so that ¢g(k) no longer has to ) . ) ; - -
change sign. A¥®7V® tends to unity with the increase of CO"SIStent with the alignment given in Figah Similarly,
the triplet “f-wave” order parameter has a sik@tlike

charge fluctuations, the f}” with its nodes on the Fermi . o o
surface, should thus give way to the nodelessll the above ka—ergndgnc¢5|n(2<a)—llke n the folded Brillouin zoné .
ich implies that triplet pairs are formed between sites

reasoning is schematically summarized as a generic pha ) : : )
diagram in Fig. 4. separated by four lattice spacings, which goes along with the

An additional bonus from the coexistence of strong spin/configuration in Fig. &). Finally, the singles-wave pairing
charge fluctuations and the anisotropic spin fluctuations i¥Vith a constanips(k) means on-site pairing, which is con-
that these effects may serve to enhance the transition teristent with Fig. &). We stress here that although the pair-
perature for triplet pairing. Namely, a flaw in triplet super- ing mainly takes place in tha direction as suggested from
conductivity mediated by isotropic spin fluctuations is thatthe fact that the order parameter is nearly constant irkthe
the absolute value of the triplet pairing interactilo!fz)| is  direction, the two-dimensionality of the system is crucial in
only one third of the effective interactiow® that deter- our mechanism since it is the warping of the Fermi surface
mines the normal self-energy as seen from Efsand(4) that gives rise to thd-wave like sign change of the order
[or Eq. (5] with V= v;,;>vch. This is in contrast with parameter along the Fermi surface.
the case of singlet pairing, Whekégz) is nearly identical to
V), Since a large self-energy correction results in a short
quasi-particle lifetime,V*) suppressed, while V(? en- VIl. SUMMARY AND FUTURE STUDY
hances it, and/V=3|Vv{?)| in the Hubbard model generally
results in aT., if any, too low to be detected in FLEX To summarize, we have proposed a possible competition
calculation®?” This difficulty is resolved for largeV,, between singlet d-wave” and triplet “f-wave” pairings in
and/or smalVg,~, for which [V{?)| approachey®). (TMTSF),PF; due to(i) the quasi-one-dimensionality of the

Fermi surface(ii) the coexistence of & spin and charge
fluctuations, andiii) the anisotropy in the spin fluctuations.
The microscopic origin of the charge fluctuation remains to

We can give an intuitive picture in real space for thebe identified. Since there is no orbital degeneracy in
singlet-triplet competition. In the presence of onlkg2 (TMTSF),X, the origin cannot be the one proposed by
SDW, the spins are aligned in ttedirection as shown in Takimoto for SgRuQ,. In fact, the mechanism ofkz SDW-
Fig. 5@. On the other hand, it has been proposed that th€DW coexistence in (TMTSEPF; has been investigated by
coexisting X--SDW-CDW phase should have a spin andseveral authors. Some assume electron-lattice coufilifig,
charge alignment shown in Fig(t5.22°° The spin-charge while others envisage a purely electronic origin in terms of
alignment of a pure B- CDW is given in Fig. %c). Given  off-site repulsions up to second nearest neighBdiswould
these spin-charge configurations, we now consider pairing ibe an interesting future problem to investigate microscopi-
real space. If we neglect for simplicity the weak dimerizationcally the singlet-triplet competition and to evalualg by
to unfold the Brillouin zone, the singletd-wave” order taking these effects into account.

VI. INTUITIVE PICTURE IN REAL SPACE
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