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Restoration of Superconductivity in High Parallel Magnetic Fields in Layered Superconductors
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We derive an equation determining the upper critical fiﬂﬂi_)(T) parallel to conducting planes
of a layered superconductor from the BCS theory. It extends the descriptioﬂggdf) within the
Ginzburg-Landau-Abrikosov-Gor’kov theory and the Lawrence-Doniach model to the case of strong
magnetic fields. From this equation, it follows that orbital effects of an electron motion along an open
Fermi surface in a magnetic field start to restore superconductivity at magnetic fields higher than the
quasiclassical upper critical field and result in the appearance of a reentrant phage(#ith= 7.(0).
A stability of the reentrant phase against fluctuations is discussed. [S0031-9007(98)05633-6]

PACS numbers: 74.60.Ec, 74.70.Kn

Quasiclassical approach of the Ginzburg-Landauable experiments by Leet al. and Naughtoret al. [18]
Abrikosov-Gor'’kov (GLAG) theory to the upper critical provide strong support of the existence of superconduc-
field H.,(T) [1,2], developed by Werthamet al.[3] and  tivity at H > H.,(0) in Q1D conductors(TMTSF),X
Maki [4], describes well most of the traditional type Il (X = PF;, ClIO,) and seem to be in accordance with the
superconductors with large Fermi surfaces (FS’s) (seprediction [12] (see discussion in Ref. [19]).

Gor’kov [2]). Small oscillatory corrections to the results The aim of our Letter is to extend the results on the
[1,2] due to Landau quantization of energy levels werereentrant superconductivity in a Q1D case [12] to a Q2D
investigated by Rajagopadt al.[5] and by Gruenberg case important for applications. We point out that, in
et al. [6] at low temperatures] < T7.(0), and moderate Sr,RuQ,, high-T., and organic Q2D compounds, feasi-
magnetic fieldsH = H.,(0), whereH.,(0) is the quasi- bly high parallel magnetic fields of 10—200 T lead to the
classical upper critical field aI" = 0 [2,3]. The case quantum limit of superconductivity in a magnetic field
of strong magnetic fields when only one Landau level isdue to Q2D— 2D crossover of an electron motion. As
filled (i.e., “quantum limit”") was considered by Abrikosov shown below, in superconductors with moderate coupling
[7], Brazovskii [8], and Yakovenko [9]. It was found of the layers, the quantum limit corresponds to the case
that, in a 3D isotropic case, superconductivity is unstablevhen “effective thickness!, (H) of electron wave func-

in the quantum limit due to formation of excitonic phasestions in the direction perpendicular to the planes is of
[7—9] or non-Fermi-liquid metal [9]. Recent statementsthe order of the interlayer distanak In superconduc-
about the stability of superconductivity in the quantumtors with Josephson coupling of the layers, the quantum
limit in a 3D case (see Ref. [10] and references thereitimit occurs wheni, (H) = £,(0), where £, (0) is the

for a review) seem to be controversial in view of thecoherence length perpendicular to the layers. The critical
results [7—9] (see discussion in Ref. [9]). field Hs corresponding to the quantum limit is shown in

On the other hand, most of the new type Il super-Fig. 1 and Table I. In the quantum limit, electron wave
conductors are highly anisotropic quasi-two-dimensionafunctions are localized on the layers. Therefore, diamag-
(Q2D) [quasi-one-dimensional (Q1D)] conductors withnetic currents cannot destroy “two-dimensionalized” BCS
narrow electron bands in the direction perpendicular to th@airs, and superconductivity witli.(H) = T.(0) is re-
plar_1es (chains). In such _compounds, quantum effects reyored aty = Hl's within mean field theory in the case
sulting from Bragg reflections of electrons moving alongyf . wave pairing. In fact, mean field critical temperature

open FS’s in.a magr_letic field can be_) Iar_ge (as shown in th‘?c(H) begins to increase with an increasing magnetic
case of a spin-density-wave formation in Q1D conductorj I

[11]). One of us [12] showed that the same effects lea Ieﬂld at lower magnetic fields7 > Hes, where Hey =
to the survival of superconductivity @ > H.,(0) and

H:s (see Fig. 1). This provides a method to determine
to the appearance of a reentrant superconducting phaSdPerconductivity type in SRuG,, which is known to

with dT./dH > 0 and T.(H) = T.(0) in high magnetic e a candidate fop-wave pairing (see Ref. [20] by Rice
fields perpendicular to the chains of a Q1D conductor (se@t al). !n s(d)-wave Supercond”ugtors”, the orbital effects
also Burlachkovwet al. [13], Dupuis, Montambaux, and Sa Start to increasé&.(H) atH > H., if H.s = H,, and the
de Melo [14], Hasegawa and Miyazaki [15]). Different reentrant phase withi.(H) = T.(0) occurs ile'S =H,,
physical mechanisms of the survival of a superconducwhere H, is the Pauli limiting field. We also find that
tivity in high magnetic fields were proposed by Klemm superconductivity survives is(d)-wave superconductors
et al.[16] and by Baranowt al.[17]. Recent remark- at low temperatures when the magnetic field is in the
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Tc(H)4 perconductors with moderate coupling of the layers [i.e.,
Tel0) kmm—— —mm e when &, (0) = d]. Possible applications of the obtained
¢ \ - results to real layered compounds are discussed (see also
A Table 1).
)
Let us consider a Q2D conductor with electron spec-
ST W trum
1
! i B e(p) = %(px + p3) — 2t cog p.d),
¥ L O . 1, K €, (1)
T : !

0 " in a parallel magnetic field = (0, H,0). In the gauge
ch(O) Hc4 HC5 HP H A = (0,0, —Hx), electron wave functions have a form

FIG. 1. Solid curves: sketches of possible magnetic field

dependences df,(H) based on qualitative analysis of Eq. (6).  Ve(x,y,2) = expip,y) explip 1 2)¢e(x, py, p1), (2)
Curve A stands for the case gf-wave pairing. CurvesB

and C correspond tos(d)-wave pairing in the case where and the Schrédinger equation fgr.(x, p,, p.) can be

H50), HY = H, and in the case whed,(0) = H, = H)s,  obtained by means of the Peierls substitutipn —
respectlvely Dotted curvdd stands for the results of the — (e/c)Hx:

Lawrence-Doniach model, whereas dotted cuBsetands for

the GLAG theory results. 1 d2 WX
range ch(o) < H = H, (see Fig. 1). We stress that 2m\ dx? vr

the above-mentioned phenomena are beyond the descrip- Ye(x, pyrpL) = €(x, py.pr) 3)

tions of H\',(T) within both the GLAG theory [1—4] and
Lawrence-Doniach (LD) model [21] which are the lim- 5
iting cases [22] of the suggested gap equation. At thevr/2, andh = 1. , ,

end of the Letter, we argue that the reentrant phase is Taking account off, < €r, we can ignore the exis-

expected to survive in the presence of fluctuations in fu:ence ?fEsmgl) closed orlbltfs and can represent the solu-
ions of Eq. (3) in a simple form:

where w. = evrdH/c, vr is the Fermi velocity,er =

exp{=iplx * imSex/pd  i(App/2pd)[sinNpid — w.x/vp) — Sln(pld)]}

¢5i(x9py’pL) (4)
Vpy
wherede = € — e, pr = mur, p? = \/pz — p}, and ! p;’)_/m + ch(pg/pF), wh_erer is a quasimomentum
A =4t Jw.; sign +(—) stands forp, > 0 (p, < 0).  limited to the “magnetic Brillouin zone'p,| < w./2vF,
[Note that Bloch-like wave functions (4) correspondand is an integer]. _
to continuous energy spectrurie®(p) = *p%(p, * Green’s functions for wave functions (4) can be con-

| structed by means of a standard procedure [23]:

—isgnw,)m
0

X

X exr{tiA(ﬁ—E)sin[M#;m}co{prd - M;TJ;M)}} *Tw,(x —x1) >0, (5)

wherew, =27 T(n + %).
A linearized gap equation determining the mean field transition temper@tife) can be derived using Gor’kov
equations for nonuniform superconductivity [24]. As a result, we have

Gio (Py.prix, X)) = exdFw,(x — x))m/pllexd+ip)(x — x1)]

[ dqbl » 20T
Alg.x) = f Ul¢. é1) lx—xi|>a*| sings| dx vpsing; sinf27T|x — xi|/vpsing)]

X Jo{sii):ﬁl sin[ 0clx — xl)}sin[ 0elx xl)}} CO{M}A(%,)@. (6)

2up 2up vr Sing,

The superconducting gaf(¢, x) in Eqg. (6) depends on respectivelyz™ is a cutoff distance; the matrix element of
the coordinate of the center of mass of BCS gais wellas  the interaction of two BCS pair$/(¢, ¢,), depends only
on the position on the Fermi surface, whefras the polar on in-plane momenta (e.gl/(¢, ¢,) = U for s pairing,
angle betweehl and two-component vectpr = (p?, p,).  U(¢, ¢1) = U cog¢)cod¢;) for equal spinp pairing,
Here, k = 1 for s(d) pairing andk = 0 for p pairing, andU(¢,¢;) = U cod2¢)cod2¢,) for d,>—,» pairing).
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TABLE |. Estimated values of the parametéféh, Hl's, Hl'z(o), H,, andT".

Q2D compound HY, (T) Hs (T) Hb(0) (T) H, (T) T (K)

ShHLRUQ, 5—-10 35-55 0.8 ? 0.05
TIBa,CaCuyO, 100—150 120—170 100—150 205 .
Tl,SLCaCu O, 50—100 50—100 50—100 170 e
B-(ET)Aul, 40-50 40-50 6.5 7.5 0.3
k-(ET),l5 10-15 10-15 7 6.5 0.5

Quantum effects coming from a periodic electron ~ Le(f) = Tc(0) _ _2[ I }In[ éﬂ(O)] (10)
motion along open orbits in a magnetic field are seen T.(0) w.(H) d

in a periodicity of the Bessel functiody(...) in Eq. (6) In the caset, (0) < d, T.(H) can be found aHl|4 <
in variables x and x;. The choice of the periodic H < H:

solution Ag(¢p, x + mvr/w.) = Ag(e,x) in the case of - 2 2

p pairing leads to a logarithmic divergence in Eq. (G)M = _2[@_(0)} + 0.25[&—(0)}

asT — 0. Therefore, a superconducting phase is stable T.(0) d 5 d 5

in an arbitrary magnetic field. Note thak(...) — 1 % [ wc(H)} By 1[ kMBH} (11)

in high fields and, thus, superconductivity is restored 7 T.(0) LaT.(0) ]

with T.(H) = T.(0). Possible temperature dependencegquation (11), with k = 0, describes the reentrant

of Hl'z(T) are sketched in Fig. 1. Detailed analysis ofphase in p-wave superconductors. It describes

the solutions of Eq. (6) will be published elsewhere [22].the reentrant phase irs(d)-wave superconductors if

Below, we summarize some main analytical results whichw (H) = 2.8[d/&, (0)]ugH.

are derived in the limiting cases of strof§, (0) > d|] Note that the existence of Fermi liquid is expected

and JosephsdE | (0) < d] couplings of the layers. at temperatures abovg.(0) in Sr,RuQ, as well as in
The “fourth critical field” corresponding to the appear- most organic superconductors and optimally doped and

ance of the reentrant phase wiflf,/dH > 0 can be ex- overdoped higl¥. ones [25]. Therefore, Eq. (6) should

pressed as well describe mean field transitions in these clean Q2D
I superconductors. The existing studies of superconduct-
. > ; . !
l'4 = 77[;722((()?)’ I £1(0)> 4, (7) ing fluctuations (see, for example, [26,27]) ignore the
2555 Hp(0), €,(0) < d. quantum effects in a parallel magnetic field. Below, we

o N o ) ~limit our discussion to a qualitative analysis of a physical
_ The "fifth critical field,” above which the destructive meaning of a mean field phase in superconductors with
influence of orbital effects on superconductivity is com-moderate coupling of the layers [i.e., when(0) = dJ.
pletely suppressed, is given by By transforming Eq. (4) into coordinate space, one can
£0) find that the effective thicknesk (H) of electron wave
HS = 8.0 =~ H»(0), £.(0)>d, 8) functions is bigger than the interlayer distande if
‘ 3289 gl0), £.0)<d I - ic f
g He2lV), 6l , H:»(0) < H = H.. In this range of magnetic fields,
the mean field superconducting phase described in the

where ¢¢ is the flux quantum, |[T.(0) X i . ; i
I B Letter is expected to have a direct physical meaning.
[dH o (T)/dT]r. 0| = ¢o/27£1 (00&)(0)], and £,0) = yop H', electrons are localized on the layers and

andg;(0) are out—of—plarﬂe and in-plane coherence lengthsy - - ¢ possess 2D properties. To our knowledge

[Note that we definef.s in the casegL(”O) >d and ¢ >p flyctuations, the superconducting state survives

§1(0) < d by the equations [T.(0)/7.(H:s)] = 1 and  in their presence either as a 3D phase [26] or as a 2D

[T.(0) — TC(Hlls)] = %[TC(O) — TC(HL)], respectively]. (i.e., Berezinskii-Kosterlitz-Thouless) phase [26,27] with
Revival of superconductivity all > H',(0) andT = transition temperature&p, Top = T.(0). Therefore, it is

T* as well as the appearance of the reentrant phase B@tural to suppose that the reentrant superconducting

H > H); in pwave ands(d)-wave [if H,(0) = H,] State survives at > H'S andT = T.(0). Estimations

superconductors with¢, (0) > d can be described as of mean field parameters for several superconductors

follows: with £, (0) = d are presented in Table l. It is seen
. Hllz(O) A1/ (H) that SpRuOQ,, TIBa,CaCuO,, and TLSr,Ca;Cu,O,
T.(H) =T [T} , are candidates for observation of the reentrant phase,
d 9) whereas B-(ET),Aul, and x-(ET),l; are expected to
T = 0-1[—0}Tc(0), A=1. preserve superconductivity Bt > H'»(0) = 5-10 T and
£.00) . T =0.3-05K.
In such superconductor’s?c(”H) in ;[lhe reentrant phase can  |n Q2D superconductors, a so-called “melting line”
also be estimated & = H,s if H.s = Hp: Tmeit(H) usually separates a vortex state with a zero
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resistivity from a melted vortex state with a finite resis- K. Yamaiji, Organic Superconductor¢Springer-Verlag,
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[13] L.I. Burlachkov, L.P. Gorkov, and A.G. Lebed, Euro-

This has allowed determination @f.(H) at H < H_,(0) phys. Lett.4, 941 (1987).

and seems to be a common PrPPerty of SUpercondu‘fM] N. Dupuis, G. Montambaux, and C.A.R. Sa de Melo,
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reentrant superconducting state in high parallel magnetic  Naughton, 1.J. Lee, G.M. Danner, and P.M. Chaikin,
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