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In quasi-one-dimensional superconductors a finite amount
of electron tunneling between chains is essential to
couple the superconducting order parameters on adjacent
chains and to obtain thereby & nonzero transition
temperature. This paper uses a microscopically derived
Ginzburg-Landau theory to investigate the relation
between the electron interchain tunneling and the order
parameter coupling. Both a homogereously coupled system
and chains cross-linked by randomly distributed short
circuits are considered. Application of the theory to
(TMTSF),_PF, shows that a reasonable concentration of
short circuits may considerably increase the interchain
coupling and may therefore explain the large increase of
the transition temperature observed in recent experiments
with GaSb-contacts.

INTRODUCTION

Quasi- one—?1gensional organic superconductors of the type
(TMTSF) are characterized by a large anisotropy of  their
normal electronic properties, as shown both by transport™ and
optical7 measurements: the electronic effective mass is of the
order of the free electron mass for motion along the organic
stacks (a-direction), whereas it is bigger by a factor up to
2000 in the b- and c-directions. Due to this anisotropy there
is only a relatively weak coupling between the superconducting
FAdress from november 1981: Institut von Laue-Langevin,

38042 Grenoble, France
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order parameters on adjacent chains8. It is well known that
for vanishing interchain coupling (i.e. for a strictly one-
dimensional system) thermal flugtuations destroy long-range
order at any finite temperature’. If there is a weak inter-
chain coupling, & phase transition into a long-range-ordered
superconducting state may occur at a finite temperature Ta.
However, owing to the strong fluctuations, this T, will be
considerably lower than the temperature T® where mean-field
theory (which neglects the thermal fluctuations of the order
parameter) predicts the onset of long-range order. In
(TMISF),PF¢ (T.=1K at P=11kbar) the very large and unusually
temperature dependent conducgivity has been attributed to
superconducting fluctuations®. Considerable additional
evidence for the existence of superconducting fluctuations
over a large temperature region comes from measurements of
the density of states by tunnel experiments!O, showing a
large pseudogap (i.e. a superconducting gap washed out by
fluctuations) up to at least 10K.

Very recent experimental results  indicate that the T,
of (TMTSF),PF¢ may be increased to 12K by evapoating GaSb
onto the organic crystal. A possible explanation of this
effect is an increase of the interchain coupling due to short
circuits between adjacent chains which could be produced by
diffusion of antimony atoms in between the chains. A larger
interchain coupling due to this cross-linking suppresses
fluctuations and therefore increases T,.

It is the purpose of the present paper to estimate the
effect of interchain coupling on the superconducting trans-
ition temperature and to elucidate the possibility of
increasing the interchain coupling by cross~linking the
chains via randomly distributed short circuits or "bridges".
In the following chapter a Ginzburg-Landau model for a quasi-
one-dimensional superconductor is intoduced and the depression
of T, due to fluctuations is discussed. The coefficients in
the Ginzburg-Landau energy functional when only the normal,
homogeneous tunneling between chains is present are
calculated in the third chapter, starting from a microscopic
model Hamiltonian. In the fourth chapter the effect of cross-—
linking on the interchain coupling is considered. In the last
chapter the model is discussed and a numerical example is
given, showing that a moderate concentration of bridges
may indeed lead to a large increase of T, in (TMTSF)ZPF6.
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GINZBURG-LANDAU MODEL

We consider a rectangular array of chains oriented along the
z-axis. BEach chain is described by a complex order parameter
¥mp(z), where m and n number the chains in the x- and y-
directions, respectively. The free energy functional of the
system is assumed to be of the Ginzburg-Landau form

i lJ)Il’ll'l

9z
_ ¥
) 2Ay Re(wmnw

F=) sz [a|wmn]2+ b|wmn[h+ c
mn

_ *
2kx Re(I*l)mnlpmﬂ,n

m,n+1)) (1)
As usual we set approximately a=a'(T/TS-1), and a',b,c,Ay, and
A are positive constants to be determined in the following
c%apters. The first three terms in F describe the properties
of a single chain, the last line is the interchain coupling.
The transition temperature in a system desribed by eq.(1)
has been calculated by Scalapino et al.'? in the limit of
small interchain coupling, using exact results'S for the
single chain problem and a mean-field approximation for the
interchain coupling. In this approach T, is given by

=0, (2)

1 - Q(AX-’-)\y)X‘]D(O) T=Tc

where (q) is the order parameter susceptibility of a chain:
X1D

xipl) = 3 faz "% Cu(z)u(0)) . (3)

At sufficiently low temperature fluctuations of the amplitude
of the order parameter are frozen out and only phase
fluctuations are important, so that one has

_lel 1 _ 2c]a|
1+€7q

and inserting this into eq.(2) we obtain'

T = giél/cix ) . (5)
c b X'y

The square root dependence of T on the interchain c¢oupling

agrees with general arguments of Barisic and Uzelac '~.

The result (L) for the order parameter susceptibility and
therefore eq.(5) are valid if only phase fluctuations are
important. A quantitative estimate of the temperature region
below TS where amplitude fluctuations are still important1
(i.e. where eq.(4) is incorrect) is given by the Ginzburg
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critical temperature region which in one dimension is13
o [ ng ]2/3 “
AT = 2T \———7% .
c a',3/2(:1/2
The above treatment is valid for weak interchain coupling.
On the other hand, it is of considerablz interest to know how
much interchain coupling is necessary to have & transition
temperature near to the mean-field one. A quantitative
criterion may be obtained from the first order correction to
the mean-field transition temperature from thermel fluctu-
ation517c?%culated in a self-consistent Hartree approxi-
b}

mation . To this purpose we go over to the Fourier
transform of the order parameter:
i ik +
bo(#) = == T et ™22 R o (ma pa) L (D)
VLNH k

where L is the length of the system, N is the number of
chains, dy and d, are the interchain distances, k, and k, are
the perpendicular and paralell components of the wavevector k,
and here and in the following the summation over k is over
the first Brillouin zone. From ec.(7) one obtains

2 2 b ¥, ¥
F=zwlwl+___2wwww _ .
K k'"k Llepq k'p"q k+p-q
2 _ 2 _ _
wo=a +ck 2Axcos(kxdx) 21ycos(kydy) . (8)

In the Hartree approximation one sets

2 (zl(wqt?)};wk\?

2
2(u,) Elwkl , (9)

R

BLSH F B
TR A A
kpqg © P 4 K¥PQ

where the last equation defines the selfenergy I. To be self-
consistent one has to replace wg by Eg which is the solution
of 5 o -

W= w ) + E(mo) . (10)

The transition temperature is given by the condition
GB(TC)=O, so that one has to evaluate Z{0). The form (8) for
w, leads to quite complicated integrals. However, for U,=0 the
most important contribution to I comes from long-wavelength
fluctuations, so that one may expand wﬁ around k=0 and retain
only terms up to second order., This results in
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T
£(0) = v/ f(Ax,Xy) s —
1 . 1 . X
f(kxaly) = Va&ar51n£V§§1+ 7§%ars1n£vky . (11)

Neglecting the (usually small) contribution of Ax,Ay to wg

we obtain from the condition mO(TC)=O and eqs.(10) and (11)

bT
T = TZ [1 +n7c—:_'f“x’>‘y)J L (12)
i.e. the denominator of this expression has to be small if Ty
has to be near TQ. We finally remark that for weak interchain
coupling (when the Hartree approximation is not expected to be
very accurate) for A=A, the results (5) and (12) differ by a
factor less than 2, whebeas in the limit A =const., Xy+0 eq.(5)

X
gives T =const. and eq.(12) leads to T 0.

MICROSCOPIC MODEL: HOMOGENEOUS INTERCHAIN COUPLING

To derive the coefficients in F microscopically we consider
the model Hamiltonian

H = Ho + Hint + Himp , (13a)
+

i, = E €o(k)akoako i
ko

e (k) = vF(|kZ|—kF) - 2t cos(k d ) - 2tycos(kydy) ,(13b)
__& + o+

Hint N kgqcakoap,—oaq,-oak+p—q,o ? (13¢)

u + . 0
Himp =y z akoapo exp(l(k-p)Ri) . (13d)

kpig
Here the ay, are annihilation operators for electrons of
wavevector k and spin o. N is the number of sites in the
system, HO is the single-electron energy operator, where for
the transverse (x-,y-) directions we assume a tight-binding
form with transfer integrals t_,t , respectively. The Fermi
velocity is related to the longitxdinal transfer integral t,
(which we assume to be much larger than teoty) by
vo=2t,d,sin(kpd,), the longitudinal effective mass of the
electrons is m=kp/vy, and the d, are the lattice constants in
the three directions. The single electron energy €, leads to
an open Fermi surface in the transverse directions. Hi is
the BCS-type attractive electron-electron interaction which
leads to superconductivity, and H. describes the scattering
of electrons by impurities distribited over the sites {Rg}.
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Starting from the model Hamiltonian, eq.(13), and follow-
ing closely the method of Gorkov 9 we can calculate the
coefficients of the free-energy functional. In the Born
approximation the impurity averaged normal state Green's
function is

©lk,0,) = (il +sign(e )1) - e (1)) (14)

n n n’'2t o ?

where w =(2n+1)7T is the fermion Matsubara frequency, and the
electronic lifetime parameter is given in terms of the
impurity concentration n® vy (2t1)~ 1—d n®u? [vp. Now, in reci-
procal space the Ginzburg-Landau equatlon reads

1 ¥
[g Q(k))w 2 ViVe¥kapq = © - (15a)

Here Q(k) is the Cooper palr susceptibility:
Qk) = = z K_(k+psp) (15b)

K is the 1mpur1ty average over a pair of Green's functions
which, including ladder-type vertex corrections'”, is given
by the equation

Kn(k+PsP) = ?(k"'P"""n) ‘?(P,mn)
x(1+0(k)3 | K (k+a,a)) 5 olk) = a%° . (15¢)
q
This integral equation is separable and leads to
1 =1 -
w L K Gepap) = 5 1 $(krp,mw ) Yl
? o(k) 5 % -1
x [1 -y y ?(k+p,—wn) ’y(p,wn)] . (15d)
P

As discussed in the previous chapter near the transition
temperature only long-wavelength fluctuations are important,
so that we may limit ourselves here to terms up to second
order in k. The mean-field transition temperature is given by
the condition 1/g-Q(0)=0. From egs.(15) then we obtain

é-— (k) = %%;[ln(T/TZ) + %éiglgx((EﬂTT)—l)

(vlfk2 + ot d2k2 + 2 dy 5)] ) (16)

z(x) is Riemann's zeta function and x(x) is the Gorkov function

2
K = TR+ EeG) - i) (1)
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and P(x) is the digamma functionl, The coefficient B i
given by an averadged product of four Green's functions'”.

The Ginzburg-Landau equation is obtained by requiring the
free-energy to be stationary. Normalizing the order parameter
so that c=1/2m and comparing the small-k expansion of W with
eq.(16) it follows from eqs.(15a) and (16)

_ 81T oy _ _, o
a = 5 —In(T/T)) = a'ln(T/T)) , (18a)
Te(3)mvex ((2mtT) ™)
Ay = ti/(mv%) R O=X,¥Y (18b)

and the fourth order coupling is
b= a'/(ekgx((2rm))) . (18c)

As already pointed out in ref.8 the transverse couplings are
proportional to the square of the tunneling integrals, or
inversely proportional to the square of the transverse
effective masses. Contrary to the present case of an open
Fermi surface, for a closed Fermi surface these couplings are
inversely proportional to the masses themselves.

We note that setting approximately T=T° in egs.(18) one
obtains the Ginzburg critical temperature rggion

T = 1.6T2x((2an)"1)'1/3 , (19)

i.e. even for a pure system (x=1) the critical region is
larger than Tz itself. Though the approximation T=Tg is
obviously inconsistent over such a wide temperature region,
this result nevertheless indicates that amplitude fluctuations
are important even far below T¢, so that the approximations
leading to eq.(5) are only valid for very weak coupling.

On the other hand, if the interchain coupling is
sufficiently strong so that the Hartree approximation becomes
valid, the lowering of T  due to fluctuations can be expressed
in terms of an effective interchain coupling J:

t t t y-1
_ =1 X X
J = V2txtyx ((QTrTT) ) wg arsh%E a.rsh——ty] , (20a)

so that from eq.(12) one obtains

(o] (o]
Tc = JTC/(J+TC) (20D)
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MICROSCOPIC MODEL: CROSS-LINKING

Recent experiments11 indicate that the transition temperature
of (TMISF),PFg under pressure may be considerably increased

by evaporation of a GaSb-layer onto the crystal. A possible
explana.tion21 of this effect is that antimony atoms diffuse
into the crystal. Due to their small size, compared to the
size of a TMTSF molecule, these atoms may come very close to
the organic molecular stacks. The atomic orbitals then have

a considerably larger overlap with adjacent molecules than the
direct TMISF-TMISF overlap, i.e. the antimony atoms would
create short-circuits or "bridges" between the chains. In this
chapter such a bridge is represented by a local transfer
integral t. In order to gain some physical insight in the
effect of randomly distributed bridges on the coupling between
the superconducting order parameters we shall first investgate
the cross-linking effect between two isolated chains.

Two Cross-Linked Chains
We consider a model Hamiltonian

Hyp=H +H, +H _, . (21)
Here H1 and H2 describe the electrons on the individual chains,
similar to H of eq.(13), however w1thout impurity scattering
(u=0). The "cross—linking Hamiltonian" H,_, describes electron
tunneling from one chain to the other at randomly distributed
sites {R;} and has the form

1(k—p i(gt +
2 &, a +a, &a, ). (22)
Nkpa 1ko 2po 2ko 1po

The operator a,;q (a=1,2) refers to electrons on chain a.
Due to the lack of translational invariance the single-
electron Green's function is not diagonal in the wavenumber,
and to lowest order in t one has

Ylam,spa,) =G0k (6, 8,5 + (178,0) )
x% ) PR o(te)] . (23)
1

P is the single—electron Green's function for t=0, and a,B
are chain indices. To this order the intrachain part remains
diagonal in k, and only the interchain part has nondiagonal
components. Correspondingly, in the Ginzburg-Landau equation
lerived from H,. (retaining only the lowest order in the
superconducting order parameters):
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k;-— Q(x) ] - Z Q,(k,a)¥,(a) =0 (24)

only the interchain coupllng function Q1 has nonvanishing
components for k=q. Q, is given by

T

ﬁpzn}<2,k+p,1 » QT ,_L\)n) %,( Wr’QP’wn)

Tg Ev(kﬂ?: )el(k+p_q_r)Ri§9(q+r,‘w )
N” prmij n

xQ}o(r’wn)ei(r—p Rj'&?(p,wn) . (25)

Here we are interested in the averadged (over the positions)
value of Qq. Averaging each bridge independently one has

Q1 (k5Cl)

exp(iqRi) = 6q,0 . (26)

Terms with i=j] and with i$j lead to contributions Q11 and Q
to the averaged Q1, respectively:

Q,(k,q) = quQ (1) = 8, (Q,(k)+Q (k)] (27a)
Q,, (k) = T2 [ k+p,-u, )¢ (p, ))
11 W2 Eg‘l p,mu, )G (psw

, (27b)
2

___Nn g?) k+p,—wn 2‘{; p,w

= ’ (27c)

where n is the concentration of bridges. For long-wavelength
configurations only Q1(O) is important. From (27) one obtains

2
a0 = B2 g (o) - 163)n7t e, (28)
by 8n Ty
F F
leading to a total coupling factor between the chains
2
Q (O) = Mz{gz_,_ n] s £ = MF (29)
! 8n3T2vF ) © 21r3T

Physically, the coupling of the order parameters is due
to tunneling of Cooper pairs through the bridges. The Qqo-
contribution comes from processes in which the two electrons
tunnel at different sites. The propability of a single
electron to tunnel is proportional to nt, so that one has
Q12¢(nt)2. On the other hand, in the Qqq-process both
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electrons tuneel at the same site. The propability for this
process is directly proportional to the number of sites and,
as two electrons are involved, to t2, leading to Q11mnt2.
However, before the tunneling process the Cooper pair has

to rove to the site of the bridge, whereas in the Q yp~Process
the two electrons move individually to the two bridges (i.e.
the Q yp~process involves the relative motion of the two
electrons) It is to this difference that we attribute the
factor 4 /Eo in Q11.

Instead of using the bridge-averadged Qq in the Ginzburg-
Landau equation another possible approach would be to
calculate the coefficients of the free energy functional for
a fixed bridge distribution and to average only the results
derived from this free energy. Concerning the Q,,—coupling
this leads to results exactly equivalent to the present
approach. However, the proper treatment of the Q12—process,
which involves correlated pairs of bridges, would lead to
considerable difficulties. Therefore, also in the following
section we shall average directly in the microscopic equations.

Cross—-Linking in a Quasi-One-Dimensional System

In an array of coupled chains the cross-linking operator is

21 X i(k-p)R? -ipydy, ikydy
B, =3 ) a o®polt © (e +e )

kpoij TS .
tyel(k p)RJ(e 1Pydy+e1kydy)

, (30)

which is added to H of eq.(13). Here {R}} and {R}} are the
randomly distributed sites of bridges connecting adjacent
chains in the x- and y-directions, respectively, and t*,t¥
are the corresponding transfer integrals.

In Born approximation the average Green's function is

g(k,wn) = (i(wn+sign(wn) - E:(k))—1 s

elk) = v

k)= X, X _ Y.y
F(Ik | kp)-2(t_+n’t )cos(kxdx) 2(ty+n t )cos(kydy)

0 2

(2'r)-1 = %Z(n +on¥tx +2nyty ) (31)
F

where nx,ny are the concentration of the bridges in the
corresponding directions. The bridges give both an addtional
contribution to the transverse bandwidth {due to the increased
tunneling propability) and to the scattering time (due to the
additional disorder).

As before, the Cooper pair susceptibility is given by
egs.{15b)-(15d), however, the verte: correction factor o(k)
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now reads
o 2 X x2 2
o(k) = nu” +2n"t cos(kxdx) + ontY cos(kydy) . (32)

Proceeding as in the third chapter, the coefficients a,b, and
¢ are unchanged from eq.(18), and the interchain coupling
coefficients are 5 3

(t_+n%%) or~Td, . o2
A= & + nt a(a=X,Y)(33)
o 2 3 -1
nvy, 7c(3)vax[(2wTT) )

The first term comes from the increased transverse bandwidth
of the individual electrons. This corresponds to the Qo=
process of the previous section. The second terms comes from
the dependence of the vertex correction ¢ on the transveres
momenta. This is the Qqi-process. Indeed, the diagram repre-
senting Qqq (eq.(27b)) is exactly the first term of the ladder
graph series represepted by o. The second term in {33) nas an
additional factor X = with respect to the first. The origin
of this difference is similar to the point discussed at the
end of the previous section: A process where both electrons
tunnel at the same point (the second term in (33)) is less
sensitive to loss of coherence induced by impurity scattering
than a process where the two electrons tunnel at two different
(and distant) points.

DISCUSSION AND NUMERICAL APPLICATION

In deriving our results various approximations have been made.
Concerning the microscopic model for cross-linking, it may
appear somewhat simplified to describe the coupling between
chains due to an intercalated atom by a simple addtional
transfer integral. In a more realistic model one would
consider an additional localized atomic level of energy €

and describe the overlap of this orbital with the two

adjacent chains by tunneling integrals t. However, preliminary
calculations indicate that the coupling between order para-
meters in such a model may indeed be described by a single
transfer integral t as long as [e—eF|<t (eF=Fermi energy).

The derivation of the coefficients of the Ginzburg-
Landau functional involves several assumptions. First, in
treating the average over the bridge sites we have neglected
both the possibility of percolation type phenomena, which
may become important at very low concentrations, and
correlations between the positions. of bridges which, however,
we expect to be small at concentrations below 10-20%. Also,
calculating averaged coefficients we have neglected the local
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change of the order parameter due to the bridges. In analogy
to the case of normal impurities, however, this effect is
expected to be unimportant. Finally, the derivation given here
implicitly assumes a small order parameter, whereas at least
at low temperature, where the order parameter has a well
defined amplitude, it would be more appropriate to include
this fixed amplitude in the starting Hamiltonian.

A more fundamental objection concerns the application of
Ginzburg-Landau theory, which treats the order parameter as a
classical variable and has long-range order at T=0, to a one-
dimensional Fermi gas, which is well known to have no long-
range order and power-law decaying correlation functions at

. One should, however,notice that considering the order
parameter as a quantum variable one recovers, at least
qualitatively, the T=0O-properties of the microscopic model
It appears therefore that even in the present case Ginzburg-
Landau theory provides a convenient starting point, though the
necessary extensions to make contact with microscopic one-
dimensional models requires further work.

In conclusion, we believe that in spite of the above
discussed approximations the present model provides a basis
at least for a semiquantitative understanding of the effect of
cross-linking in quasi-one-dimensional superconductors.
Quantitative values for the parameters of the theory are
derived as follows: Plasma edge studies’' give t,=250meV and

t,=3meV for the longitudinal and largest transverse transfer
integrals, respectlvely Ehe anisotropy of the perpendicular
upper critical fields is er/Hg2—15 From the Ginzburg-
Landau theory of Hep of Turkevich and Klemn®” and eq.(18b):

X ¥
H /[, = (dxtx)/(dyty) , (3k)
and using the lattice constants26 of (TMTSF)QPF6 one arrives
at ty=0.1meV. From the t,-t, anisotropy, ref.25, and eq.(18b)
one would expect HCQ/ch—hO apparently larger than the
observed value“!. Apart from an overestimation of the aniso-
tropy from the plasma edge data two reasons may explain the
discrepancy: (i) due to the large anisotropy Hég is highly
sensitive to very small deviations from the exact z-direction
and may therefore be hard to determine (indeed, some
experiments2® show very large values of dHZ,/dT up to TOkG/K),
(ii) preliminary calculations show that fluctuatlons tend to
decrease the Hc -anlsotropy below its mean-field2> value. In
viéw of these difficulties we use the plasme edge results.
Assuming a mean free path (-VFT) of 250& one obtains (w1th
T=1K) J=1,2K, This means that even for a relatively high T
one expects & T of the order of J, as observed.
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Finally, let us consider a numerical example for cross-
linking: assume a concentration of 2% of "perfect" bridges
(i.e. t“=tz=250meV) in both transverse directions. From egs.
(17),(31), and (33) one obtains A,=0.18meV, where 80% of the
coupling comes from the second term in (33), i.e. from the
Qqq-process. This gives (at T=10K) J=150K, i.e. the coupling
is greatly enhanced with respect to the case without cross—
linking. Assuming for (TMTSF),PFg ng15K we conclude from
eq.{(20b) that a moderate concentration of 4% bridges is
largely sufficient to explain the observed stabilization of
superconductivity ' at T=12K.
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