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Anisotropic sswave superconductivity in borocarbides LuN,B,C and YNi,B,C
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The symmetry of superconductivity in borocarbides LWWBYIC and YNiLB,C is an outstanding issue. Here
an anisotropis-wave order parametéor s+g mode) is proposed for LUNB,C and YNiB,C. In spite of a
substantiak-wave component, the present superconducting order paratgktgrhas nodes and gives rise to
the VH dependent specific heat in the vortex stétee Volovik effeci. This model predicts the fourfold
symmetry both in the angular dependent thermal conductivity and in the excess Dingle temperature in the
vortex state, which should be readily accessible experimentally.
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. INTRODUCTION A(K), which exhibits clear fourfold symmetry. The four sec-
ond order nodal points ok (k) are given by ¢, ¢)=(/2,
The superconductivity in rare earti®) transtion metal = /4) and (z/2,=3w/4) which dominate the quasiparticle
borocarbides is of great interést,in particular its interplay  DOS at low energies:
with magnetism and superconductivity is fascinatifig.
However in the following we limit ourselves to the nonmag-
netic borocarbides LubB,C and YNipB,C. They have a N(E) = |E] o E\?
relatively high superconducting transition temperatiig No 4 A Al
=15.5 K and 16.5 K, respectively. Although a substantial
swave component in\ (k) has been established by substi-
tuting Ni by a sﬁryall amount of Pt and subsequent opening o
the energy gafy; a number of peculiarities are not expected .
in a conventionak-wave superconduct8rFor example, the S*9 _model of Eq.(1) we assume the equality @f?‘”dg
JH dependence of the specific heat in the vortex state indi"—’1mp|ItUdeS to havel(E)~[E| down to lowest energies. Re-

cates a superconducting state with nodal excitations simila(fent thermal conductivity measuremefiteport a gap an-

to d-wave superconductivity in high, cuprated-10Further-  'S0troPY of at least a factor of 10, the fine tuningsaiindg

P y ghc cup ' . amplitudes in Eq(1) therefore has a tolerance of 10%. There
more the presence of de Haas van AlphdhlvA) oscilla- is No symmetry reason why the amplitudes pair poten-
tions in the vortex state of LubB,C down toH=0.2H, y y y P par p

suggests again nodal superconductit’® In a conven- tials) of inequivalent representations lilkeand g should be

. - . very close. However from the bandstructure of
tional swave superconductor dHVA oscillations would dis-

appear foH <0.8H,.1*2In addition the upper critical field
determined for LUNiB,C and YNLB,C for field direction
within the a-b plane exhibits clear fourfold symmetry some-
what reminiscent tod-wave superconductoté:® Further-
more, 1T, from NMR experiments show3? power law
behavior consistent with nodal superconduct8rshese ex-
periments clearly indicate that(k) in borocarbides has to
be an anisotropic-wave order parameter. Furthermd(i¢
A(k) has to have a nodal structure with the quasiparticle o.2s
density of state§DOS) N(E)~|E| for |E[/A<1, which
gives theyH dependence in the specific heat of the vortex
state®’ (ji) the nodal structure has to have the fourfold sym-
metry within thea-b plane which is consistent with the te-  -o0.s}
tragonal symmetry of tha-b plane. These two constraints h
appear to suggest almost uniquely

@

hereNy is the normal state DOS. In constructingk), we
ave made use of a similar approach as in M§B2!In the

0.5 K

-0.25

A(k)z%A(lJrsin“ﬂ cog4¢)) (1)

or s+ g-wave superconductivity. Her&, ¢ are the polar and FIG. 1. Normalized gap functiori(k)=A(K)/A of the s+g
azimuthal angles ik-space, respectively. We show in Fig. 1 model.
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borocarbide¥ it may be argued that the pair potential at the 2 .
nodal points given above is indeed strongly suppressed. The
main Fermi surface sheet shows lobelike structures along the
[110] directions which have strong nesting with a wave vec-
tor parallel toa. This wave vector appears as the incommen-
surate ordering vector in the magnetic borocarbiflasY
replaced by rare earth elementherefore the lobe states at
(0, )= (m12,=7/4) and (w/2,=37/4) tend to an instabil- <
ity in the particle-hole channel which strongly depresses the"%
effective potential and associatddk) for Cooper pairing at
these points. The approximate fine tuniup to 10% of s

andg amplitudes may be caused by this peculiar Fermi sur- 05 .
face feature of the borocarbides.

In the following we shall first consider thermodynamics
and transport of the borocarbides for zero field for the pro-
posed gap function. Then we will study the field angle de- 0o 05 y 15 p)
pendence of specific heat and thermal conductivity which X = E/A
exhibit the fourfold symmetry. We apply the same technique o _ S _
developed in Refs. 7, 22—24. Also we predict the fourfold FIG. 2. Quasiparticle density of states. Logarithmic singularity

symmetry in the excess Dingle temperature in the vortecCcUrs aE=A/2 due to the saddle points &—0,7. The cusp at
state in borocarbides in a planar magnetic field. E=A is due to the gap maxima at(¢) =(7/2,0), (w/2,x7[2)

1.5 R

and (7/2,7).
Il. THERMODYNAMICS AND TRANSPORT PROPERTIES Likewise the electronic thermal conductivity of tlse-g
First of all A(k)=Af(k) given in Eq.(1) leads to the Model at low temperature is obtained in a universal form as
guasiparticle density of states 7 n
=g ®
NE) 1fdma X ||fld F(y)Re— roem
=— e———=|x YRy Re——,
No 4w Vx?—f2 0 VxP—y The prefactorr?/8 is specific for thes+ g model. Heren,
3 m are the electronic density and mass, respectively. This is
wherex=E/A and equivalent tOK/lf‘n-Z 3I'/8A where Kn |s_the norma] state
thermal conductivity and’ the quasiparticle scattering rate.
» 4 q The linear T behavior of k has recently been fouhtin
F(y)= —f ’ z LuNi,B,C from which we extract’/A<0.02.
mo J(1-23)*—(1-ud)*
. IIl. ANGULAR DEPENDENT SPECIFIC HEAT AND
with uo= (1= |1 -2y)™2 ) THERMAL CONDUCTIVITY

We note thatF(1—-y)=F(y) holds. The quasiparticle We are proposing that the angular dependent specific heat
density of states is evaluated numerically and shown in Figand especially thermal conductivity in the vortex state pro-
2. For|E|/A<1 we obtain vides a unique window to look for the symmetry of
A(k).??~?®|ndeed from the latter Izawa and co-workers have
succeded in deducing the symmetry &fk) in S,RuQ,,2®

’ (5 ceColn 2" and more recently— (ET),Cu(NCS),.2® First
of all we have to construct the equation for the residual den-

NE)_z iy, 3 I

No 4A\""4za "

then the low temperature specific heat is given by sity of states in the presence of impurity scattefng.
Cs 27 T) es(ﬂ 2 Cn—ix
=—{3)| |tz +: -, 6 = 0
’yNT 47T§( ) A 80\ A ( ) 9 R (CO—iX)2+f2
where yy is the Sommerfeld constant. Similarly the spin 1 > X
susceptibility and the superfluid density are given by == Coln| —— | + xtan?! _) ' 9
4 ; 0 JCZ+x2 Co ©

2

+oo whereCo=lim,,_oIm(w/A) with @ giving the renormalized
frequency andk=|v-q|/A ~|sin(@=n/4)|. Here 2y is the

) sum of the pair momentum associated with a supercurrent

L) 1— i_ 7) circulating around each vortex amdq is the Doppler shift

ps(0) XN connected with it. In the first line the brackets mean averag-

)(_’7TT|2 2
w222t Tgix
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1.2 The thermal conductivity tensor in the vortex phase has
been calculated in Ref. 23 and in a planar magnetic field it is
1 given by
s

ke 3 v2(eH)

08 | | Dx_ =2 12(9),
Kn 32 A2

0.6 | .

K_Xy__izz(eH)
Kn 64 A

J(6)

sin(26) (14)

in the superclean limit and

Kyx v3(eH) 2A A
—=1+ In — Il In| =—
0, : . Ko 32ra r vyeH
0 [r/4] 1
FIG. 3. Angular dependence of specific h€at-1(6) and ex- B 5(1_(:05(49)) ’
cess Dingle temperature-J(#) in an external field in thea-b
plane.# is the angle between field direction aadxis. ~,
Kyy ve(eH) . 2A A
. . L — = sin(26)In —|Inl =—==| (15
ing over both Fermi surface and vortex lattice, in the second Ko 32'A I veH

line the former is evaluated up to the summation and the o _
latter still remains. In the superclean limit defined By  in the clean limit. Herex, is xy,(H=0). Therefore we ex-

<(x) or I'<v,JeH<T<A, Eq.(9) gives pect the fourfold symmetry in the thermal conductivity in the
vortex state should be readily accessible in future experi-
- > JeH ments. On the other hang, has recently been measured for
g= —(x)= 1(6), (10) field oriented along.'” In this case a similar calculation in
4 2\2A the superclean limit foH<H,, leads to
where v=\vv. and I(6)=max(sind,|cosd]) for 0<0 kelH) 3 vi(eH) H—Hg
< /2. The functionl (6) is shown in Fig. 3. Here, andv, = = (16)

= > = )
are Fermi velocities in tha-b plane and along the axis, *n 16 A%(0) He2(0)

respectively. The magnetic field is applied within theb
plane at an angl® with respect to the axis.

In the clean limit withCo>(x) or v, JeH<I'<T<A, on
the other hand, we obtain

This behavior was indeed experimentally observed in Ref.
17. In the clean limitx,,(H) is no longer exactly linear but
has a logarithmic correction itd. Since I'/A=<0.02 for
LuNi,B,C we can use the above equation for the superclean
) limit except for very small fields.

2(eH)
g=g<0>(1+ BT A

1
— g(l—cos{46))

A
In| =
vveH (1) IV. EXCESS DINGLE TEMPERATURE
11
It is well known that dHVA oscillations can be seen in the
From these expressions the field angular dependent sp¥ortex state as well when the quasiparticle damping is much

cific heat in the vortex state may be derived. In the superless than the cyclotron frequenty*®**However in conven-

clean limit we obtain tional sswave superconductors the dHVA oscillation becomes
invisible whenH=0.8 H,. Therefore if dHvA oscillations
C. 7yeH are seen even fdfi~0.2H, as in the case of LuNB,C*
=—— 1(0). (12) this can be taken as a signature of a nodal superconductor.
wl o 2\2A Since the excess Dingle temperature in the vortex state is due

to quasiparticle damping caused by the Andreev scattering it
In the clean limit, on the other hand, the aba¥elepen-  should also exhibit the fourfold symmetry of the order pa-
dence is replaced by rameter. The excess damping due to Andreev scattering is
evaluated as

G (0) 1+;2(eH) | ( 2 1(1 s(40))>
= nl = —=(1-co ,
Wt 9 32'A vyeH/ 8 T p= L<A2>:Z ! A23(6) 17)
~ 2 ~ 1
(13 2v JeH vyeH
whereg(0)=N(0)/N, in the absence of magnetic field. where we defined

140502-3



RAPID COMMUNICATIONS

K. MAKI, P. THALMEIER, AND H. WON PHYSICAL REVIEW B 65 140502R)

1 (™ V. CONCLUDING REMARKS
J(6)= EJZ d9(1+sin*9 cog46))?

7 Here we propose a simple model fa(k) for nonmag-
2z netic borocarbide superconductors with fourfold symmetry.
1 3 35 The angular dependence of the specific heat, thermal conduc-
=7 1+ Zcos{4¢9) + @co§(40) . (18 tivity, and the excess Dingle temperature are worked out with

this model. We hope that this work will stimulate further
experiments on borocarbide superconductors.
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