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We argue that théTMTSF),PF; compound under pressure is likely a triplet superconductor with a vector
order parameted(k)=(d4(k)#0, d.(k)="?, dp/(k)=0); |da(k)|>|d.(k)|. It corresponds to an aniso-
tropic spin susceptibility alT=0: x,=Xx0, Xa<Xo, Wherey, is its value in a metallic phas€The spin-
guantization axisz, is parallel to a so-called’ axis) We show that the suggested order parameter explains
why the upper critical field along the’ axis exceeds all paramagnetic limiting fields, including that for a
nonuniform superconducting state, whereas the upper critical field alorgdRis (aLb’) is limited by the
Pauli paramagnetic effecfs J. Lee, M. J. Naughton, G. M. Danner, and P. M. Chaikin, Phys. Rev. T&tt.
3555(1997)]. The triplet order parameter is in agreement with the recent Knight shift measurements by I. J.
Leeet al. as well as with the early results on a destruction of superconductivity by nonmagnetic impurities and
on the absence of the Hebel-Slichter peak in the NMR relaxation rate.

Quasi-one-dimensional (Q1D) organic compounds than the Clogston paramagnetic lijnitere showi® to be
(TMTSF),X (X=PFR;, CIO,, etc) have been intensively in- even bigger than the paramagnetic Iith# for the Larkin-
vestigated since the discovery of superconducthityy the ~ Ovshinnikov-Fulde-Ferrell (LOFF) phase?® Therefore,
first organic superconductor (TMTSPF,. From the begin- measurement$>*were interpretetf*°-2'in terms of triplet
ning, it was clear that their properties were unusual. It wasuperconductivity. Recently, Leetal!? have found no
found®® that superconductivity in  (TMTSEX (X change of the Knight shift foH|lb’ in a superconducting
=PFR, CIOQ,) is destroyed by nonmagnetic impurities. This phase of (TMTSRPF; at P=6 kbar. This is consistent with
was interpreted in terms of a possible triplet pairing ofthe result$®1°-?! and strongly supports the triplet
electrons’ Another unusual feature, the absence of thescenarid!®'9-?'of superconductivity.

Hebel-Slichter peak in the T{ NMR data in The goals of our paper are as follow$) To calculate the
(TMTSF)X (X=PFR, ClO,),**"**was prescribeld to the  paramagnetic limited field along the’ axis, H2', for the
existence of zeros of a superconducting order parameter QTOFF phase in a Q1D superconductor, taking account of
the Q1D Fermi surfacefFS). As was stresself,the early  poth the paramagnefft and orbital destructive effects

H —8,10,11 H H : . ..
experiment’ provided information only about an or- against superconductivifyve show that the calculated value
bital part of the order parameter and could not distinguish

. ) . bf H2 is 4-5 times less than the experimental fiélds in
between some triplet and singlet pairirfgs. P Y
To reveal triplet superconductivity, experimental tests(1MTSF)2PFe]. (2) To demonstrate that the value
which probe a spin part of an order parameter are essentigi€comes consistent with Refs. 20 and 21 if we switch off the

Among them, are a surviving of triplet superconductivity in Paramagnetic effectsthese indicate that an electron-spin
the Q1D cas¥~17 at magnetic fields higher than both the SuSceptibility along th&” axis, x,/, at T=0 is equal to its
upper orbital critical field and the Clogston paramagneticv@lue in a metallic ;tgte)go, which is a distinct feature of
limit, '8 observation of spin-wave excitatiofsthe Knight ~ {riplet SUD_?VCOHQUC“(;/'ZS"’ ). (3) To stress that the experi-
shift measurement<, and some others. Nowadays, interestmental critical field8># along the conducting chaing.e.,

in a possible triplet pairing has been renewed due to remarkdlong thea axis), Hy, are strongly paramagnetically limited
able measurements of the upper critical fieldgich are and thus the corresponding electron-spin susceptibjfity
sensitive to a spin part of the order paramgetén <xo atT=0. (4) To show that the above described proper-
(TMTSF),CIO, and in (TMTSH,PFR, at P=6 kbar by ties are naturally explained within the framework of a triplet
Naughton, Lee, Chaikin, and Danf&r!and due to the the- superconductivity scenario with the following vector order
oretical analysi® of these experiments. The experimental parameter frozen into the crystalline latti6iee., the case of
fields along theb’ axis (which are three times bigg@?!  strong spin-orbit couplirfd):
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Singlet (S=0) and triplet &=1) phases are character-
ized by the following wave functions of the BCS paif’s:

gk =(T )= [LT)¢(k,r), S=0; (5

(k) =TT = dx(k,) +idy (k) ]+ ([T +[11))d (k)

+LDdy(k.n)+idy(kn)],  S=1. ©)

[In Egs. (5) and (6), Sis the total spin of the BCS pair,
r is its coordinate of a center of massegg(k,r)
=y(—k,r), d(k,r)=—-d(—k,r).]

At H—0, ¢(k,r) andd(k,r) do not depend om. The

0 b electron-spin susceptibility tensgy; ;, at T=0 for a singlet
n n L L n L n L L n L 1 I H _ . . . 2
00 03 06 09 12TK phase isy; j=0 whereas for a triplet phase is given by
FIG. 1. Circles stand for the critical magnetic fields alonglihe dif (k)d;(k)
axis: open circles show an experimental cufRRefs. 20 and 211 a Xi,ji=Xo\ 6ij— —d* K d(k ) (7)
full circle corresponds to the calculated paramagnetically limited (k)d(k) k
b _ . .

value opr at T=0 in a singlet superconductor, whereas crosseq,vhere 5, j:1 if i=j and &, j=0 it i%j; (|d(k)|2)k

circles show the calculated nonparamagnetically limited critical
fields H°(T) for a triplet order parametel). Triangles stand for

the experimental critical fieldRefs. 20 and 2jlalong thea axis,
Hg(T), (aLb’). In the inset, the experimental valug®efs. 20 and

21) of Hg(T) are shown in comparison with the calculated para-

magnetically limited fieldfull line) for a triplet order parametéf.)
(see the texjt

d(k)=(d,(k)#0, d.k)=?, d,(k)=0);
|da(k)|>|dc(k)|a (1)

corresponding to the BCS-pair’'s wave function

W (K)=[—da(k) +idc(K)][11) +[da(k) +id (k)| |)

and to the anisotropic spin susceptibility et 0:

Xb'= X0, Xa<Xo: (€)
where |T) (|])) stands for a spin-ugspin-down elec-
tron with respect to the quantization

Zlb" [a(x)Lb’(z)Lc*(y)] and the momenturk defines the

position on the FS[We stress thab’ is the easy axis for a

spin direction in a spin-density-wavéSDW) phase of

axis

=1, {---)x means an averaging over the FBere, we con-
sider only unitary triplet phasés (i.e., du(k)dg (k)
=d} (k)dc(k).]

At first we consider the casHllb’(z). In singlet phase
(5), superconductivity is destroyed by paramagnetic effects
in arbitrary directed magnetic fields. In a triplet ph&8k as
follows from Eq. (7), the dy,,(k)=d,(k) component is re-
sponsible for the deviation of the spin susceptibiljy
=y, from xq. If dy,(K) # 0 there exist two related phenom-
ena: the paramagnetic destructive mechanism against super-
conductivity and a change of the Knight shift B& T (H).

Let us calculate the upper critical field fetib’. By using a
common approacf to the upper critical field of a clean
superconductd? with open electron orbits and with one-
component order parameter, it is possible to prove that Eq.
(5) of Ref. 28,

X)==
2 Jx—xy/>d v SN 27 T|x—Xq| /v )

2apugH(X—X1)S,

0

UF
(TMTSF),PF;. Thus, one may expect that the order param-
eter (1) is the most stable since it corresponds to the BCS wo(X—Xy) wo(X+Xq)
pairs (2) only with S,,=S,=*1.] At the end of the paper, ><J0< 2\ sin| — sin| —
we discuss some consequences of a group theory classifica- 2vE 2v
tion of the possible triplet phases, including the most prob-
able orbital part of the order parameter and a possibility to 2ugH(X—X1)S,
break the time reversal symmetry. X co . A(Xy), (8)
F

The Q1D elgcz:tron spectrum corresponds to two open
heets of the FS: . .
sheets orthe is extended to a singlet phas¢g(k,r)=f(k)A(x) as
*(p)=+ T De)— 2t cog ppb’) — 2t, cog p.c*), well as to the triplet phasesl,(k,r)=(d;=1, d.=0,
€ (P)=*ve(Pa™ Pr) —2t, cOSppb’) — 2t cOg P, )(4) d,—0)f(A(X) and dy(k.r)=(dy=0, d.—0, dy
=1)f(k)A(x). [Here,(|f(k)|?)y=1; g is an effective elec-
where + (—) stands for the rightleft) sheet of the FSy¢ tron interaction constantd is a cutoff distance; «
=t,a/\/2 andp are the Fermi velocity and Fermi momen- =2t /t,, w.=evgHc*/c, N=4t./w.; mg iS a Bohr
tum, respectively;t,=1600 K, t,=200 K, andt.=5 K; magnetong andc are the electron charge, and the velocity of
(h=1). light, correspondingly;S,=1 for singlet and ford,-triplet
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phases whereaS,=0 for d;-triplet phases. By solving Eq. TABLE I. Triplet order paramete (k) for D, andC; groups.
(8) numerically forS,=1, «=0.17, |de'/dT|T022 TIK,

. Group Representation Order paramete‘&(k)
ve=10" cm/sect.=3 K, T,(0)=1.14 K,c*=13.6 A(see
Refs. 1, 2, 19-21, and 29we found that the calculated Dy Ay Ak, 7+ Bk, 7y + Ck,7,
value of the paramagnetic limited critical fieldd} By Ak Ty + Bk, T,
~1.3-1.4 T, is 4-5 times less than the experimental Bau Akt + Bl
oneg®?! (see Fig. 1L A similar analysis for thed-triplet Bay AkyT,+Bk,T,
phasewhich is not paramagnetically limitgghows that su-
perconductivity survives ' ~6 TandT=0.2-0.25K in C A, Aky 7, + Bk, 7, + Ck,7,+ Dk, 7y
qualitative agreement with experimef?té' (see Fig. 1L On +Fkyr,+ Gl 7+ Hky 7,4 1K, 7,

the basis of the calculation HS/ andH"’, we can conclude
that |dp (k)|=|d,(k)|=0 in Egs. (6), (7) and thus yy,
= x,,= Xo- Note that the recent Knight shift measureménts drasticallf®?* at H=1.5 T. We speculate that &=1.5 T

are also in favor ofyy = xo below T;(H). there may appear a triplet phase witfk) L H, which mini-

If we consider the caskllla(x) then thed,=d, compo-  mizes the magnetic contribution to the free enefypever-
nent of the order parameté) is responsible for the destruc- theless, we cannot completely exclude another possibility—
tive paramagnetic effects against superconductivity and fofhe appearance of the LOFF stateHgt 1.5 T for Hlla. Note
the change of the Knight shift &t<Tc(H) [see Eq(7)]. Let  that our theoretical analysis of the critical fields is based on
us calculate the critical field foHlla in di(r)=(d,#0,d;  the Fermi-liquid pictur® proved at P=6 kbar in
#0, dyy=0) A(x) triplet phase(which is paramagnetically (T\TSF).,PF,. At higher pressures2=9.8 kbar, the behav-

limited for such direction of a magnetic figldThe corre- ior of (TMTSF),PF, may deviate from the Fermi liquid
sponding linearized gap equation can be obtained from thgnesl

common Eq(5) of Ref. 28: At the end of the paper, we would like to make a few

comments based on symmetry arguments. We classify the
g (27d¢ [ possible triplet phases in the case of strong spin-orbit cou-
A(x)= §J 5 A(xq) pling for orthorhombic D), and triclinic (C;) point group

0 2T ) |x—xq|>2d|sin |/ . '
x> 2dlsin gl symmetries(see Table), where the matrix order parameter

5z A(k)=di(k)7i, (7i=i0j0y; o are the Pauli matricesAs
2ymTdx is seen from Table |, there are no degenerated orbital states,
vE Sing sin{ V2 yaT|x—Xy| /v sing] thus a time reversal symmetry is broken only if a nonunitary

triplet phase appeafé.In our particular case, this happens

2Ny wu(X—Xy) wu(X+Xy) whend,(k)d? (k) #d3 (k)d.(k). Using the expression for a
xJO( - sin — sin — gap in a quasiparticle spectruthg(k)=|d(k)| (the unitary
sin¢g 2V 2vE case, it is possible to make sure that there are no generic

phases with the lines of zeros on the FS in accordance with a
common theorer® This is in agreement with the experi-
(9 mental dat®33which seem to be in favor of fully gapped FS
and against the existence of isolated zeros on theé?FsS.
Therefore, we speculate that the orbital part of the order
where y=t,a/(2t,b). Numerical solution of Eq(9) [with  parameter is likelyd,(k)~d.(k)~sgn(k,), which corre-
the same values of parameters as (B@il shows that the best Sponds to a fu”y gapped Q1D sheets of the FS. From Table
fitting of the dat&d>**atH=1.5 T (see Fig. Lcorresponds to | it is possible to conclude that, for a triclinic space group of
S,=0.9 (i.e., d;=0.9, xa=0.2x¢<xc) and|dH¥dT|r =8  (TMTSF),PF;, the most generic case ##0, d.#0, and
T/K. The latter is in a good agreement with the experimental, #0. However, it is knowh?3 that the spin-dependent
slopeg®?! |de’/dT|TC:2 T/K since the value oft,/t, interactions in a SDW phase of (TMTHPF; (which has a

~8.5 is knowr?® Note that the accuracy of our calculations €MmMon boundary with the superconducting phassult in

does not allow us to distinguish between the triplet phase§n alignment of spins along e axis. Therefor_e, itis natu-
with d,=0 and|d,|>|d,] ral to expect the forn{l) for the superconducting order pa-
Cc a [

Summarizing, our analysis of the experimental critical rameter corresponding to the absence of the BCS pairs with
fields’®?! measured in (TMTSEPR, at P=6 kbar has Sy =0 [see Eq(2)].
shown that paramagnetic destructive effects against super- ope of us(A.G.L.) is thankful to D. F. Agterberg, N. N.
conductivity do not affecH®” whereasH? is paramagneti- Bagmet, K. Behnia, S. Brown, E. V. Brusse, P. M. Chaikin,
cally limited at H=1.5 T. These are naturally explained T. Ishiguro, H. Fukuyama, I. J. Lee, P. Lee, Y. Maeno, V. P.
within a triplet scenario of superconductiviif*®=?'with  Mineev, M. J. Naughton, K. Oshima, M. Sigrist, and V. M.
the triplet order parametdtl). We suggest to measure the Yakovenko for useful discussions. A.G.L. is especially
Knight shift along thea axis atH<1.5 T andT<T.(H) to  thankful to S. Brown, P. M. Chaikin, I. J. Lee, and M. J.
prove the order parametét). Note that temperature depen- Naughton for fruitful and numerous discussions during a
dence of the critical field along the axis, H(T), changes workshop organized by M. J. Naughton.
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