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Upper critical fields of quasi-low-dimensional superconductors with coexisting singlet and triplet
pairing interactions in parallel magnetic fields
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Quasi-low-dimensional type-Il superconductors in parallel magnetic fields are studied when singlet pairing
interactions and relatively weak triplet pairing interactions coexist. Singlet and triplet components of order
parameter are mixed at high fields, and at the same time an inhomogeneous superconducting state called a
Fulde-Ferrell-Larkin-Ovchinnikov state occurs. As a result, the triplet pairing interactions enhance the upper
critical field of superconductivity remarkably even at temperatures far above the transition temperature of
parallel spin pairing. It is found that the enhancement is very large even when the triplet pairing interactions are
so weak that a high-field phase of parallel spin pairing may not be observed in practice. A possible relevance
of the result in organic superconductors and a hybrid-ruthenate-cuprate superconductor is discussed.

Anisotropic superconductivities have been studied extender parameter mixing occurs due to appearance of nonzero
sively in organic, oxide, and heavy fermion superconductorscenter-of-mass momentum of Cooper pairs stabilized by
For example, a triplet pairing is confirmed by Knight shift Zeeman energy. Such an inhomogeneous superconducting
measurements in heavy fermion superconductors,Wtile ~ state is called a Fulde-Ferrell-Larkin-Ovchinnikov state
NMR experiments suggest a singlet pairing with a line nodeFFLO or LOFF statg It should be noted that the enhance-
gap in UPdAl;. On the other hand, in a quasi-one- Ment occurs far above a transition temperature of the pure
dimensional organic superconduct@TSF),ClO,, a line triplet pairing s_upercont_jqctlv_lty that_ls estlmate_d in the ab-_
node gap is supported by NMR data by Takigaetal,-? sence of the singlet pairing interactions. We discussed this

while thermal conductivity measurements by Belin and Be-£ffect in connection with the phase diagram of a heavy fer-
hnia suggest a full gap superconductivity. In mion superconductdit The order parameter mixing in the

. - L FFLO state has been pointed out also by Psaltakis and Fen-
E)-;hﬂ-ercselz)niilﬁigtrr\ltp;tif? ?:]réggs‘j#e[ﬁ;%?gductlwty 's supported ton and by Schopohl and Tewordt in awave supercon-
. o ; 12,13
Pairing symmetries can be different iTMTSF),CIO, ductor and in -wave superfiuigHe.

N In this paper, we extend our previous study to the two-
and (TMTSF);PFs, but from the similarity of crystal struc-  gimensjonal systems and to the anisotropic singlet pairing.

tures and electronic states in these compounds, probably thge assume interlayer interactions implicitly so that the BCS-
pairing interactions have the same origin. From the phasfxe mean-field approximation is justified, while they are
diagram in pressure and temperature plaheave-like sin-  \weak enough to be neglected in resultant mean-field equa-
glet superconductivity due to pairing interactions induced btions. In this sense, our systems are quasi-two-dimensional.
the antiferromagnetic fluctuations have been discu$4ed. we find that even very weak triplet pairing interactions en-
Further, it has been discussed recently that such pairing imance the critical fields remarkably also in the present sys-
teractions contain both singlet and triplet channels as attragems.
tive interactions® Pairing interactions induced by antiferro-  The pairing interactions are expanded as
magnetic fluctuations have been discussed also in figh-

Xi rconductors for the proximity to the antiferromag-
2et?:psr?§§§?0 ductors for the pro y to the antiferromag V(k,k’)=—§ 0. 7.(K) va(K'), )

In this paper, we examine quasi-low-dimensional super-

conductors in which singlet and triplet pairing interactionswhere y,(k) are defined byyq, Z(k)zkg_@, ¥p.(K)
coexist. In particular, we concentrate on systems in which - . e . *
the singlet pairing interactions dominate at zero field. We_ K anq so_forth n cyllndrlca_lly symmetric systems. We
calculate critical fields of superconductivity in directions par-take units \_N'thﬁ: 1 and kB:..l in this paper. We consider
allel to the highly conductive layers. Because of the parallefwo_ cases(i) gs>0p>0 and(ii) g4>g,>0, where we have
direction, we assume that our system is strongly Pauli lim-3€fin€dg,=9, =9y andgs=gq,, .=9gq,. In each case,
ited and the orbital pair-breaking effect can be ignored as #e other coupling constants are assumed to be zero. The gap

first approximaﬁon_ function is expanded as

A similar problem was studied in our previous paper in a
three-dmenspnal system w_|t_h a ;phencgl symmetric Fermi A(k)zz A, ya(K). )
surface in whichs-wave pairing interactions and weaker o

p-wave pairing interactions coexi&t.We found a remark-
able enhancement of the critical field due to a mixing of The gap equations in the vicinity of the second-order tran-
order parameters agfwave andp-wave symmetries. The or- sition are written as
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where we have defined=h(qcosé+1), the angled be-
tweenk’ andq, q=vgq/2h andh=|u.H| with the electron
magnetic momenj. It is apparent from the above equa-
tions that the mixing of the order parameter components of
odd and even parities occurs only when both conditions of
g#0 andh+#0 are satisfied, which is expected from a sym-
metry consideration in momentum and spin spaces.

In the weak-coupling limit, Eq(3) is rewritten in the form

FIG. 1. The upper critical fields of superconductivity in the case
(i) in the presencésolid line) and the absenc@lotted ling of the
=~ Mgl (5  p-wave pairing interactiond ()/T{?’=0.1 is assumed. The vertical
B thin solid line is the transition temperature of the pprevave su-
perconductivity of parallel spin pairing. The broken line shows the
Pauli paramagnetic limit when the FFLO state is ignored. Here, we
have defined\ y=2w e~ 9sNs(®),

A,In—p
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with TO)=2e7w /e~ Y8Na(®) and
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The transition temperature is given b'y=T§2)e"‘.
For the case ofl-p mixing (ii), we can use the symmetry

to fix the orientation of thel-wave order parameter. Thus, let

2 N ~
cosk y+sint? '8_§> us assumedg~ki—kj. In the absence of-wave pairing
2 interactions, it is known that the optimuis in the direc-

2 sinify

<I><<o)zf:dylny (

tion of thek, axis (or equivalently thek, axis) at low tem-

— , (6) peratures, while it is in the direction of the line lof= * k,
cosﬁy(cosﬁersinhz E) at high temperature’$:*° In the presence of the-wave pair-
2 ing interactions, the direction af is not knowna priori.
where Thus, we should assume that the travave componentsk(
and Ry) of order parameter can be mixed with tHevave
Pap(0.0)=va(@) ¥5(@)p(0,p), components. Therefore, we calculate the smallest eigenvalue

q A of a 3x3 matrix with elementsMgq,Mgp My o

N_,(0)= f 2—¢Paa(0,¢)- (77 +Gp,... and sdorth, which gives the transition temperature

a

by T.=TJe *. Here, the parameteB,, is defined by
Here, ¢ is the angle betweek’ and thek, axis, andp(0, ¢) 0
is the angle-dependent density of states at the Fermi energy. Teq 1 1

Equation(5) gives the upper critical fielda=h(T,q) for a Gp_ln@_ 9pNp(0)  ggNg(0)’ (10
given g. The final result of the critical fields is obtained by
maximizingh(T,q) with respect tog. similarly to Eq.(9).

For the case o-pmixing (i), we can choose the vectqr Numerical results are drawn in Figs. 1-4. Figure 1 shows

in an arbitrary direction from the symmetry of the system.the results for the-pmixing, while Figs. 2—4 show those for
Thus, let us assume the direction@in the k, axis. Then, the d-p mixing. In both cases, remarkable enhancements of
the p-wave component witi , ~Ry is not mixed with the the_: critical field are found at temperatures far above '_[he tran-
) Y ) sition temperature of the pungwave superconductivity of
swave component, whilé, ~k, can be mixed. Thus, we the parallel spin pairing. In particular, Fig. 4 shows that the

only need to calculate the smallest eigenvaluef the 2 critical field is enhanced considerably even wHEf)/T(Y)

X 2 matrix =0.01.
For thed-p mixing case, the optimurq is in the direction
Mss Msp ) of the k, axis at low temperatures, while it is along the line
Mps Mpp+Gp)' of ky=*k, at high temperatures, as shown in Figs. 2—4. In

these figures, the results fgr,=0 and ¢q=m/4 are drawn

where we have defined by the solid lines. For each direction qf the magnitudey

T 1 1 =|q| is optimized to obtain the critical field. It is confirmed
=In—> = by numerical calculations thatwith the other directions are
Gp=In—m;= N0 N0} (9 y .
Tep  9pNp(0)  gsNs(0) not optimum.
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FIG. 2. The upper critical fields in the ca&®) in the presence FIG. 4. The upper critical fields for the case @fp mixing.

(solid line and the absencédotted lind of the pwave pairing  Ten/Toq =0.01 is assumed. The definitions of the lines are the same

interactions.T{Q/T{Y=0.1 is assumed. The vertical thin solid line @S in Fig. 2.

is the transition temperature of the pyrevave superconductivity

of parallel spin pairinge, is the angle betweeq and thek, axis.  hance the critical fields remarkably, and the temperature of

At each temperature, the higheon the solid line is the final result the tricritical point of the normal, BCS, and the FFLO states

of the critical field in the presence of tipewave interactions. Here, is also enhanced. The present phase diagrams coincide with

we have defined jo=2w e~ 9Na(®. one predicted in our previous papexcept that the orbital
pair-breaking effect is not taken into account in the present

In Fig. 5, the optimum value af=|qg| along the second- paper.

order transition line is drawn. The temperatiifeat whichq In a highT, superconductor RugedCw,0g, for the co-

vanishes is the temperature of the tricritical point of the norexistence of the superconductivity and the ferromagnetism

mal phase, the BCS superconductivitg=<(0), and the (or canted ferromagnetisi, the FFLO state has been

FFLO state §+#0). It is found that the temperatuf in-  discussed’*® Probably, d-wave pairing interactions are

creases due to the order parameter mixing in the presence @bminant in this system, but weak triplet pairing interactions

the p-wave interactions from the valu* ~0.561x T') in  must coexist because of the proximity to the magnetic phase.

the absence of th@-wave interactions. For exampld* Therefore, the present mechanism that enhances the critical

~0.668< T is estimated fol O/ T{Y=0.1. fields andT* may play a role in stabilizing a bulk supercon-

In conclusion, we examined the upper critical field of theductivity in this systent?

superconductivity when the singlet and triplet pairing inter- In the organic superconductors, the FFLO state has been

actions coexist. We extended our previous study in a spherdiscussed by many authors®! to explain the high upper

cal symmetric systelfl to the quasi-two-dimensional sys- critical fields that exceed a conventional estimation of Pauli

tems in parallel magnetic fields and to the anisotropic singleparamagnetic limit(Chandrasekar-Clogston limitAs we

(d-wave pairing. We obtained similar results to our previous have discussed above, there is a possibility that the antifer-

results, and find that even very weak triplet interactions en-

6t T, % T, " =01

veq/ 4y

. T/T,,°
T/T,”

FIG. 5. The magnitude of the optimum wave vectpiat the
FIG. 3. The upper critical fields for the case dfp mixing.  upper critical fields foiT()/T{Y=0.1 whene,=0 (solid line) and
TOIT®=0.025 is assumed. The definitions of the lines are thep,= /4 (broken ling. The dotted lines are the result for pure
same as in Fig. 2. d-wave pairing.
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romagnetic fluctuations contribute to the pairing interactionsenhancement can be very large even when the triplet pairing
in these systems, and they should contain both singlet anidteractions are so small that the pure triplet superconductiv-
triplet channels as attractive interactiéhherefore, the ity of parallel spin pairing is not observed in practice.
present mechanism may contribute to stabilizing the super-

conducting phase at high fields. As shown in Fig. 4, the This work was supported by a grant for CREST from JST.
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