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Abstract

We calculate the tunnelling conductance spectra of a
normal-metalinsulatoytriplet superconductor using the
Blonder—Tinkham—Klapwijk (BTK) formulation. Possible states for the
superconductor are considered with horizontal lines of nodes, breaking the
time-reversal symmetry. These results would be useful to discriminate
between pairing states in the superconducteR80, and also in URt

(Some figures in this article are in colour only in the electronic version)

1. Introduction SKLRUO, has been studied in [12—14] for spin triplet pairing
states with vertical lines of nodes. Also, a Josephson effect
The recent discovery of superconductivity inRu0, has test for the pairing symmetry of §uQ, has been proposed in
attracted much theoretical and experimental interest [Ybference [15]. Electron tunnelling in Ufttas been studied
Knight-shift measurements show no change when passing16.
through the superconducting state, which is clear evidence |n this paper, we discuss the tunnelling effect in a normal-
for a spin triplet pairing state [2]. Muon spin rotationmetaytriplet superconductor with horizontal line nodes, taking
experiments show that the time-reversal symmetry is brokgfio account three-dimensional effects.  For the triplet
for the superconductor §Ru04'[3]. The linear 'Femperature superconductor SRuO, we shall assume three possible
?Oependence of the nuclear spin lattice relaxation réfe &  airing states of a three-dimensional order parameter, having
'Ru below 0.4 K [4] and specific heat measurements [5] 8¢@i;ontal lines of nodes, which run parallel to the basal
conS|.stent with the presence of line nodes within the gap asdl%me and break the time-reversal symmetry. The first two
the T('gh:LC cuhpfrate superconducto;}s. hat th i of ¢ 27€ the pairing states proposed by Hasegeted[17] having
. ng t—s'|t measurgments show t a,t t e, parity ,O, t gngEu symmetry. The other is thé-wave pairing symmetry
pairing function of UP§ is odd and a spin triplet pairing roposed by H Won and K Maki [18]
state is realized [6]. Muon spin rotation experiments shoev For the triplet superconductor Ufwe shall assume two

that the time-reversal symmetry is broken befy for the ossible pairing states of three-dimensional order parameters
superconductor UR{7]. The nuclear spin lattice relaxation” P 9 P ’

rate /T, and specific heat measurements are consistent \A{i}%vmlg Ihorlzon(tjaL Ilnekstrc]) f ?odes, Wh'CT run patralle_:_r:o the
the presence of line nodes within the gap as in the figh- asal plane and break the ime-reversal symmetry. -1hese are

cuprate superconductors. the planar and bipolar pairing states proposed by Machida

In tunnelling experiments involving singlet superconducgt al[19]
tors, both line nodes and time-reversal symmetry breaking
can be detected from the V-like shape of the spectra and $ieTheory for the tunnelling conductance
splitting of the zero energy conductance peak (ZEP) at low

temperatures respectively [8-11]. Electron tunnelling e jnterface has &-functional form perpendicular to the

axis and is located at= 0 as seen in figure &) (xy-interface).
! Presentaddress: CRTBT, CNRS BP166, 38042 Grenoble-Cedex 9, FraAdternatively, we consider the situation where the interface

0953-2048/02/040505+06%$30.00 © 2002 IOP Publishing Ltd  Printed in the UK 505



N Stefanakis

( a) Andreev and normal reflection for tlig-interface are obtained
by solving the BAG equations under the following boundary
. conditions:
hole-like Superconductor
guasiparticle Y (r)|;=o. = ¥ (r)|;=0, (2)
: electrorrlike dw (r) dv (r) 2mvV W) 3
§ quasiparticle & |y & |, R (r o
: while for thezy-interface the boundary conditions are
Xy interface W (r)li=o. = ¥(7)lx=0, 4
dw (r) dw (r) 2mV
dx = dx - —¥(r) (5)
h0|e¢ R ’ x=0_ x=0; h x=0_
Rl Using the obtained coefficients, the tunnelling
/;’ conductance for they-interface is calculated using the formula
0 o(E) = o4(E) + o, (E), where the conductance for spin-
electron ? up(-down) quasiparticle is given by the relation
electron f JE 2 G (E, ¢, 6) sind cosd d do
op(E) = Pr— : (6)
Normal Metal Jo Jo? 20 sin6 coss dg do
(b) where the normal-state conductance is given by
cog o
= — . 7
Normal Metal Superconductor ON = oay 2 (7)
(]
2 The corresponding formula for the tunnelling conductance
5 for the zy-interface is
c electrorrlike x
= /2 7 — .
electron / narti 7 [ o1 (E. ¢, 0) sir? 6 cose de do
? 2 ) quasiparticle o) (E) = /2 ;3/2 —
fﬁﬂ/z Jo? sir?6 cosg2oy de df
electron ? """""""""""""" where the normal-state conductance is given by
) ) hole-like _ _Cosgsirs 9
(p e . ) oN = § nze + 2" ( )
L quasiparticle cos ¢ si 20
L’ The pairing potential is described by a2 form
hole - —d, (k) +id, (k) d. (k)
_ X y Z
v Bap®) = < (k) d)+ idyac)) (10)

Figure 1. The figure illustrates the transmission and reflection  in terms of thed (k) = (d, (k), d, (k), d,(k)) vector.
processes of the quasiparticle at the interface of the junction with For SpRuUQ, the d-vector runs parallel tq-axis (i.e.,

(&) xy-plane interface f) zy-plane interface. d(k) = (0,0, d,(k)). The candidate pairing states are given by
(a) d.(k) = (k. + iky)codck;), with c being the lattice

interface), see figure . We assume a semi-infinite double constant along theaxis. This statg has horizontal lines of
layer structure and a spherical Fermi surface. The motion of N0desak. = +3; and breaks the time-reversal symmetry.
quasiparticles in inhomogeneous superconductors is descriti® d: (k) = (sin(%:) +isin (%)) cos(%:), with horizontal
by the solution of the Bogoliubov-deGennes (BdG) equations. lines of nodes at, = +%

is perpendicular to the-axis and is located at = 0 (zy-

The effective pair potential is given by (c) d.(k) = (k. +iky)%k., with horizontal lines of nodes at
k., = 0.
App’(ks T') - App’(¢v 9)@(2)[@()6)] (1) - . . .
for the xylzyl-interface, wherek,.k,.k, = cosesing, Then we will choose two candidate pairing states

corresponding to thé-phase of URt (low temperatureT
and low fieldH): (a) The unitary planar state witth(k) =
(Ax(k), Ay(k), 0) and (b) the non-unitary bipolar state with
(k2 — K7).

sing sind, cosh. ¢ is the azimuthal angle in they-plane
and 6 is the polar angle. The quantitigs o’ denote spin
indices. .

Suppose that an electron is injected from the normal mega(lk) = (hx(k), 12y (k), 0) where A (k) = k;

with momentumk,, k,, k;, and the interface is perpendiculal)\y(k;: kf-j,kxky' he BTK f | h q ‘
to the z-axis. The electron (hole)-like quasiparticle will ccording to the ormula, the conductance o

. : : . the junction,o 1;;(E), for up(down) spin quasiparticles, is
experience different pair potentials,, (¢, ) (A, (¢, 7 — 2] V. )
6)). When the interface is perpenpgicular 1o thaxis, the ©XPressed in terms of the probability amplitudas,). by,
electron (hole)-like quasiparticle will experience different paf?s (8]
potentialsA ,, (¢, 8) (A, (m — ¢, 0)). The coefficients of the o (E) = L+|ayyl? — by l? (11)
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E/D,

Figure 2. Normalized tunnelling conductane€E) as a function of
E/ Ao for zo = 0 (solid line),zo = 0.5 (dotted line)zo = 2.5

(dashed line), for the superconductosfBr0,. In (a) the interface is
perpendicular to the-axis, and in p) the interface is perpendicular

to thex-axis. The pairing symmetry of the superconductor is
(ky +ik,) cos(ck;)-wave.

The Andreev and normal reflection amplitudeg;;, b1y
for the spin-up(-down) quasiparticles are obtained as

47l+

= 12
M= 252 Zun o 12)
ot —(2izo + Zé) +(2izo + ZS) nin_¢_¢* (13)
= 4+z% — zgnin_¢_g¢x
wherezp = % The BCS coherence factors are given by
ui =[1+yE?—|AL]?/E]/2 (14)
vl =[1-VE?—|AL2/E]/2 (15)

E/D,

Figure 3. The same as in figur2 The pairing symmetry of the
superconductor isin(%) +i sin(ﬂz")) cos(%)-wave.
quasiparticles experience a different sign of the pair potential
on the Fermi surface (FS). Also the line shape of the spectra
is sensitive to the presence or absence of nodes of the pair
potential on the Fermi surface.

For the(k, +ik,) cos(ck,)-wave case, for they-interface,
the scattering process changes the electron momentum from
(¢, m—0)to (¢, 0) onthe FS. However, this process conserves
the sign of the pair potential for & ¢ < 27. As a result, no
peak exists in the conductance spectra, as seen in figare 2(
for zo = 25. Also the nodes of the pair potential at
k, = +m/2c intersect the FS along theaxis and a V-like
gap opens in the tunnelling spectra as in the case oflthe
wave superconductor. On the other hand for zhénterface
the transmitted quasiparticles experience a different sign of the
pair potential fog, ) and(xr —¢, ) only at discrete-values
that explain the residual values of the conductance within

andn. = vy /uy. The internal phase coming from the energyhe energy gap seen in figurebp( Recent measurements

gap is given byp, = [AL/|A4]], where A, (A_) is the pair

of the thermal conductivity for the superconductosF&rIO, in

potential experienced by the transmitted electron-like (holgyagnetic field, rotating within the planes, demonstrated that

like) quasiparticle.

3. SrbRUO,

In figures2—4 we plot the tunnelling conductanedE) as a
function of E/ A for various values ofy, for thexy-interface
(a) andzy-interface b), for the superconductor SRuO,. The
pairing symmetry of the superconductoK4s + ik,) cos(ck)-

wave in figure2, (sin(%:) + isin(%:))cos(%:)-wave in
figure 3 and (k, + ik,)%k.-wave in figures.

the gap function igk, + ik,)(coS(ck.) + ag) [20].

The spectra is sensitive to the amount of mixing between
the nodal and the nodeless component which is determined by
the value ofag. If |ag| < 1 the horizontal lines of nodes still
exist but at different positions along theaxis. Therefore, we
expect the tunnelling spectra to be qualitatively similar to that
for the pairing stat€k, + ik,) cos(ck.).

For the (sin(%:) +isin (%)) cos(%:)-wave case, and
for the xy-interface, the scattering process in the momentum
space connects points of the FS with the same sign as in

The conductance peak is formed in the electron tunnelliige (k. + ik,) coS(ck,)-wave case. This means that the pair
for the xy-interface andzy-interface when the transmittedpotential does not change sign and no ZEP is formed as seenin
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E/D,

Figure 4. The same as in figura The pairing symmetry of the Figure 5. Normalized tunnelling conductane€E) as a function of
superconductor ig, + ik,)%.-wave. E/ Ao for zo = 0 (solid line),zo = 0.5 (dotted line)zo = 2.5
(dashed line), for the superconductor bJPthe pairing symmetry of
) ) o . the superconductoris planar.
figure 3@). However, the pair potential intersects the spherical

FS at the poles, i.e., & = +x/c, forming point-like nodes. .
This explains the logarithmic singularitylt= 0 at the spectra. the xy-mterfac_e, the gap has a U-shaped structure due to the
absence of sign change of the order parameter along-the

The tunnelling spectra for they-interface are enhanced due

to the bound states that are formed at discrete values of ﬁ?és._Fgr tﬂ&y -|nItEer_face, tTe ?'ﬁi:?n?ﬁ 'S mofre tprozq;nced
quasiparticle anglé as seen in figure By. atzo = Owhereo (E) is constant within the gap for thig+ik, -

The situation is opposite in the, + ik,)2k,-wave case wave case, while it possessestashaped structure for the

where the scattering process forinterface connects points (ke + 1ky) Cos(?kz)k'wa"?-_ ak )
of the FS, i.e.(¢, = — 6) and(¢, 6), with the opposite signs.  FOr the sin(3) +isin(%*)-wave, andy-interface, the
As a consequence the ZEP is formed, fox0¢ < 27 as spectrg is expected to have the U-shaped Ilne shape, while for
seen in figure 4). Also in this case, the node of the paillhezy-mterface the spectra should have re3|dua_l values due_to
potential atk, = O intersects the FS and the spectra haveF'&e presence of bound states. However, a detailed calculation
V-shaped form as in thé, + ik,) cos(ck.)-wave case. For the IS needed to account for the actual shape of the spectra.
zy-interface, the order parameter has the sartependence
as in the(k, + ik,) cos(ck;)-wave, and the tunnelling spectra4. UPt;
for the zy-interface are similar.

The conclusion is that the tunnelling at thginterface In figures5and6 we plot the tunnelling conductane€E) as a
can be used to distinguish the pairing states with horizonfainction ofE/ A for various values ofy, for thexy-interface
lines of nodes on the FS. The numerical results presented h@eand zy-interface ), for the superconductor URt The
are in agreement with recent analytical calculation for the cageiring symmetry of the superconductor is the unitary planar
of the low transparency barrier and triplet pairing states with figure5 and the non-unitary bipolar in figu
horizontal lines of nodes [21]. Also only one electron band The conductance peak is formed in the electron tunnelling
for SLRUO contributes to superconductivity. However, it hagor the xy-interface andzy-interface when the transmitted
been proposed recently that theband is nodeless while quasiparticles experience a different sign of the pair potential
and B bands have horizontal lines of nodes [22]. In this casen the Fermi surface (FS). Also the line shape of the spectra
all three bands contribute to the pairing state and the actiglsensitive to the presence or absence of nodes of the pair
shape of the spectra depends on the amount of contributiorpotential on the FS.
different bands. For the planar case for they-interface, the scattering

In this paragraph, a comparison is made between thecess changes the electron momentum f(gmr — ) to
pairing states examined here and the corresponding staigs?) on the FS. This process changes the sign of the pair
without thek.-dependence. For the. + ik,-wave case, for potential for 0< ¢ < 27. As a result, a peak exists in the

508



Tunnelling current in triplet superconductors

E/A, E/A,

Figure 6. The same as in figurg The pairing symmetry of the Figure 7. The same as in figurg The pairing symmetry describes
superconductor is bipolar. the A phase of URtwhere the secondary component of the order
parameter vanishes.

o 5. Experimental relevance
conductance spectra as seen in figua &r zo = 2.5. Also

the nodes of the pair potential/at= 0 intersect the FS along In this section, a comparison of the existing tunnelling
the z-axis and a V-like gap opens in the tunnelling spectra axperiments on $RuQ; and UP4 is done. The tunnelling
in the case of the-wave superconductor. On the other handxperiments that have been performed on cleagetkis
for the zy-interface, the transmitted quasiparticles experienénctions of Ru-embedded fRuQ, show a bell-shaped
a different sign of the pair potential fgp, 6) and(7r — ¢,60) spectrum with a sharp peak at zero bias for theTlphase
only at discretep-values that explain the residual values of thand a sharp ZEP for the 3-K phase [23]. The spectra for the
conductance within the energy gap seen in figul®.5( 1.4-K phase are similar to the board ZEP observed in Ru-
For the bipolar case, and for thginterface, the scattering free SpRuQ, via point contact spectroscopy [24], although
process in the momentum space connects points of the FS witbir experiments actually measure the tunnelling resistance.
a different sign as in the planar-wave case. This means tfi&iis type of spectra for the 1.4-K phase are consistent with
the pair potential changes sign and a ZEP is formed as semuleless Eu pairing state where the broadening of the ZEP
in figure 6@). The tunnelling spectra for thgy-interface are is due to the presence of Andreev bound states. The sharp
enhanced due to the sign change caused by the scatigrily peak seen in the 3-K phase is an indication of a pairing
to (r — ¢, 0) as seen in figure 6}. state with horizontal lines of nodes. It has been suggested
The conclusion is that the tunnelling at thg-interface that a phase transition occurs where the 3-K phase with line
can be used to distinguish the pairing states with horizontabde transforms to a nodeless Eu state close to the Tulk
lines of nodes on the FS. [25]. In the experiments of Maet al [23] the tunnelling
In this paragraph, we analyse the pairing stadirection is along the-axis. However, the experimentalists
corresponding to thd phase (highT, low H) of UPt;, where believe that the Andreev reflection takes place in the in-
the secondary order parameter vanishes. The resulting orgl@ne direction due to the Ru inclusions. Then the pairing
parameter does not break the time-reversal symmetry. For gfate that fits well with the experimental data for the
xy-interface, the spectra has a ZEP due to the sign changergerface isd; (k) = (k, + ik,) cos(ck;) as seen in figure Bj,
the order parameter along theaxis as seen in figure & rather thand.(k) = (sin(%:) + isin(%""))cos(%) and
Also the line shape of the spectra is V-like because the nodésk) = (k. + ik,)%., as seen in figures B and 4p). On
of the pair potential ak, = O intersect the FS. For they- the other hand if the Andreev reflection occurs in thaxis
interface, the scattering process frgn 6) to (x — ¢, 6) does direction then the pairing state which fits more precisely with
not change the sign of the pair potential and no ZEP occursthe experimental data it (k) = (k, + ik,)?k, which shows a
seenin figure ). However, the line nodes which run paralletlear ZEP for thexy-interface, for the low transparency barrier
to k, intersect the FS and the spectra #rshaped. as seen in figure 4f.
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