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Josephson effect in a weak link between borocarbides
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A stationary Josephson effect is analyzed theoretically for a weak link between borocarbide su-
perconductors. It is shown that different models of the order parameter result in qualitatively dif-

ferent current-phase relations.

PACS: 74.50.+r

Determination of the symmetry of the order param-
eter A in novel unconventional superconductors is im-
portant for the development of modern physics of su-
perconductivity because the dependence of A(k) on the
direction of the electron wave vector k on the Fermi
surface determines all of the kinetic and thermody-
namic characteristics of the superconductor. Calcula-
tion of the order parameter A(k) is a fundamental
problem and requires knowledge of the pairing poten-
tial. Some general information about A(k) can be ob-
tained from the symmetry of a normal state, i.e., ac-
cording to the Landau theory of secon-order phase
transitions [1], the order parameter transforms only
accoding to irreducible representations of the symme-
try group of the normal state (for review, see [2]).
Nevertheless, symmetry considerations reserve for the
order parameter considerable freedom in the selection
of irreducible representation and its basis functions.
Therefore in many papers authors consider different
models of the order parameter, which are based on
possible representations of crystallographic point
groups. The subsequent comparison of theoretical re-
sults with experimental data makes it possible to
choose between available models of the order parame-
ter. The Josephson effect in superconducting weak
links is one of the most suitable instruments for inves-
tigation of the symmetry of A(k). It has heen shown,
for example, that current—phase relations j; (@) in
unconventional superconductors are quite different
for different models of A(k), and hence the study of the
Josephson effect enables one to judge the applicability
of different models to the novel superconductors [3].

Borocarbides, such as YNiyBoC and LuNiyB,C,
exhibit unconventional superconductivity. There is
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strong evidence that in these materials the order
parameter is highly anisotropic [4]. The order parame-
ter in these compounds has fourfold symmetry, and
there are deep minima along the [100] and [010] direc-
tions [4,5]. Both the symmetry of the borocarbide
crystal structure and the experimental results have
allowed the authors of Refs. [6] to suggest an
s + g-wave model of the order parameter to describe
the superconductivity in the borocarbides:

A
A=A —Agsin4 9 cos 4@ 570(1/ —sin? 9 cos 49),
(1)

where 3 and ¢ are the polar and azimuthal angles of
an electron wave vector k; A and A, are the sand ¢
components of the order parameter, and Ay = Ay (T)
describes the temperature-dependent amplitude value
of the order parameter.

Parametery = A /A ; is the key value here. If y <1,
then the order parameter A(8,¢) is an alternating-sign
quantity, which means that some reflected trajectories
experience the intrinsic phase difference. This result in
the suppression of the order parameter in the vicinity of
the interface between two superconductors similar to
what is known about the contact of two d-wave super-
conductors (see [7] and references therein); and in this
case the non-self-consistent calculation, presented be-
low, can be justified for the weak links in the form of
both the point contact and the plane boundary between
two banks. Another consequence of the intrinsic phase
difference is the appearance of the spontaneous phase
difference (which means that at equilibrium, when
7y =0anddj;/d > 0, the phase difference is not zero:
d=0¢g #0) and the spontaneous interface current at
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equilibrium at ¢ = ¢ (which is demonstrated below). If
y =1, then the order parameter is not an alternating-sign
quantity, A(8,9) > 0, and the non-self-consistent calcu-
lation can only be justified for the weak link in the form
of the point contact. In this case at the contact there is
also the component of the current along the interface
due to the anisotropy of the order parameter. However
this current is not spontaneous, which means that at the
equilibrium at ¢ =0 both Josephson and interface cur-
rent components equal to zero.

In what follows we study the stationary Josephson
effect in the weak link between two borocarbides,
described by the s + g-wave model (1) of the order
parameter, and compare the results with the Jo-
sephson current between d-wave superconductors
(A =Asin2¢). We consider a perfect contact be-
tween two clean, differently orientated superconduc-
tors. The external order parameter phase difference ¢
is assumed to drop at the interface plane x =0. The
theoretical description of the Josephson effect is based
on the Eilenberger equation, as it was described, for
example, in the Refs [7]. The standard procedure of
matching the solutions of the bulk Eilenberger equa-
tions at the boundary gives the Matsubara Green’s
function Gw(O) at the contact at x =0 [7]. The compo-
nent GL1(0) = g,,(0) of G,(0) determines the current
density at the boundary:

Hleco=—7adm Y (KImg(0) g, ja =lelNgvpag (2)
>0

Im g(0) = -sign(k, ) ALARSING

(3
Q;Qp +oa%l +ApAgcosd ®
where N is the density of states at the Fermi level,
(--)» denotes averaging over the directions of Fermi
wave vector k, k =Kk /k is the unit vector in the
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Fig. 1. Josephson current density versus phase difference
for both the d-wave and s+ g-wave models of the order
parameter (the solid line corresponds to y =1 and the dot-
ted line corresponds to y=2). T =005Ag, o =n/4. The
order parameters for the d-wave and s + g-wave models in
momentum space are shown in the insets.
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direction of k, ®,, = nT(2n + 1) are Matsubara frequen-

cies, A; p stands for the order parameter in the left
(right) bank, and Q; g = Jon +A2L,Ro

Making use of Egs. (2), (3) we numerically plot
the current—phase relations for two components of
the current, j, (through the contact) and j, (along
the contact). We assume that the ¢ axes of the left and
right superconducting banks are directed along the z
axis, that the @ and b axes of the left superconductor
are directed along x and y axes, and that the b basal
plane of the right superconductor is rotated by an an-
gle o with respect to the left superconductor. In Fig. 1
the current through the contact (Josephson current) is
plotted versus the phase difference for both d-wave
and s + g-wave models of the order parameter for low
temperature and a relative angle between supercon-
ducting banks o = n/4. The current — phase relations
are qualitatively different, which can be used as a test
to discriminate experimentally the true model, that
describes a borocarbide.

Generally speaking, there is a current j, tangential
to the boundary in addition to the current through the
contact j, [3]. The case of the contact of two d-wave
superconductors has heen considered in many papers
(see [7] and references therein). Here we consider in
more detail the Josephson effect for the s + g-wave
model. In this case the Josephson current depends
weakly on the relative angle between superconductors
o, while the current along the contact plane depends
strongly ona: j, =0fora =0and n/4 and attains the
maximal value at o = n/8. In Fig. 2 we plot both j,
and j, for the s + g-wave model of the order parame-
ter for low temperature and o = n/8. If y > 1, then the
tangential component of the current density in the
contact plane remains much smaller than the trans-
verse component for any values of the phase difference
¢ and of the relative angle between superconductors o.
At y <1, as it is pointed out above, the spontaneous
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Fig. 2. Current—phase relations for two components of
the current, j, (through the contact) and j, (along the
contact) for y =1and y =01, T =005Ag, o =7/8.
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phase difference and spontaneous interface current ap-
pear. The effect is the most pronounced at y<<1,
which we illustrate at Fig. 2.

Thus we have considered a weak link between two
clean differently orientated borocarbide superconduc-
tors. The current — phase relations were compared for
the d-wave and s + g-wave models of the order param-
eter. The dependences of the Josephson current on the
phase difference are qualitatively different for these
models. It is shown that because of the anisotropy of
the order parameter there is a current tangential to the
boundary for the s + g-wave model, which attains its
maximum at a relative angle between superconductors
equal to n/8. This interface current can exist in the
absence of Josephson current at equilibrium if y < 1.
The observation of such spontaneous current can be
used as a test of whether the order parameter is alter-
nating-sign or not.
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