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Recent theories of superconductivity based on the exchange of AFM spin-fluctuations argue for an unconventional 
spin-singlet order parameter with dx~_y~ symmetry. One important feature of this state is that the excitation 
gap has nodal lines on the Fermi surface. We show that the low-energy quasiparticle states near the nodes give 
rise to characteristic anomalies in the surface impedance which can be used to locate the positions of the nodes 
of an unconventional gap in momentum space. 

Theories of superconductivi ty for the oxide su- 
perconductors based on the Hubbard  model or 
AFM spin-fluctuations generally predict the su- 
perconducting s tate  to have d~_y~ symmet ry  
(c.f. Ref.[1] and references therein). An impor-  
tant  feature of the quasiparticle excitation spec- 
t rum (required by symmet ry)  is that  the excita- 
tion gap vanishes along four lines ( 'nodal  lines') 

located at the positions Ik~l -- Ikyl in the 2D 
plane and running along the length of the Fermi 
tube [see Fig. 1]. These nodal lines imply low- 
energy excitations, at all temperatures ,  and give 
rise to linear tempera ture  dependence of the pen- 
etration depth for T << To. There is no consensus 
on whether or not this low tempera ture  behavior 
is observed. However, Hardy, et ai. recently re- 
ported a linear tempera ture  dependence of ,~(T) 
[2]. 

We point out that  the field-dependence of the 
supercurrent may  be used to locate the positions 
of the nodal lines (or points) of an unconven- 
tional gap in m o m e n t u m  space, and thus pro- 
vide evidence ' for '  or 'against '  a d~_u~ order 
parameter  in the CuO superconductors. The 
origin of this field dependence can be under- 
s tood by considering a clean d~_u~ supercon- 
ductor at zero temperature .  In the presence of 

2e the condensate flow field, ~+ = ½(8¢ + -7A), 
the energy of a quasiparticle at point s on the 
Fermi surface is given by E + a,(s),  where a .  = 
g l ( s ) .  ~, is the shift in the quasiparticle en- 
ergy due to tile superflow, E = X/e2+ IA(s)IL 
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e is the quasiparticle energy in the normal  state. 
The equilibrium distribution of quasiparticles is 
therefore f ( E  + Cry(s)). Now consider the case 
where the velocity is directed along the nodal line 
k~ = ky, i.e. gs = vs~' as shown in Fig. 1. 
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1. Phase space for ~Ts 11 a node. 

For any non-zero v's there is a wedge of occupied 
states near the node opposite to the flow veloc- 
ity. Thus, the supercurrent is reduced from the 
ideal value for pure condensate flow by a backflow 
correction of order ¢v_/_~ The net supercurrent ~, 2 A o  1" 
becomes [3], 

- e  { I '+l } 
j ,  = ( - -~Nyvy)  ~, 1 2Aolvs , (1) 

for ffs directed along any of the four nodes. Here 
Ao is defined by the rate at which the gap opens 
up at the nodes; we assumed A(s) ---- Ao(]~ -- ]c~) 
near the nodes. Along a high symmet ry  direc- 
tion the current is parallel to the velocity, al- 
though this is not true for general flow directions. 
The velocity dependence of the superfluid density, 
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= po{1 - ~ } ,  is linear and non-analytic, P, 
in contrast to the quadratic behavior expected for 
a conventional gap. The nonlinear correction to 
the current is also anisotropic with respect to the 
direction of g, in the ab-plane. For example, if 
the velocity is along an antinodal direction then 

j ,  = 1 , (2) 

which is again parallel to the velocity, but, the 
magnitude of the correction term to p~ is re- 
duced by 1 /v~ .  This anisotropy is due to the 
relative positions of the nodal lines and is in- 
sensitive to the anisotropy of the normal state 
properties. The quasiparticle states that con- 
tr ibute to the backflow current, for any orienta- 
tion of the velocity, are located in a narrow an- 
gle, a _< o~c ~ (Vs/Vo) << 1, near the nodal lines. 
Because the Fermi velocity and density of states 
are identical at the nodal positions, it is the rel- 
ative occupation of the states that  changes with 
direction and accounts for the anisotropy of the 
nonlinear current. 

This anisotropy in the current implies a similar 
anisotropy in the field dependence of the penetra- 
tion length, which can he calculated from eqs.(1)- 
(2) and Maxwell's equation [3]. To leading order 
in H, 

1 1( H) 
A~!! - ~ 1 - ~oo , I711 node (3) 

1 1(1 1 H) 
"~eff - -  A ~ Ho ' /~11 antinode (4) 

where Ho = 3(vo/A)(c /e)  "~ ¢ o / ( A ~ ) ~  Hr. 
For YBCO where A _~ 1400~1 and ~ _~ 15~t, we 
estimate that  Ho ~- 3 Tesla. 

The anisotropy of the nonlinear correction to 
the current also results in an anisotropic magnetic 
field energy as the applied field is rotated within 
the basal plane. The magnetic energy is a min- 
imum for screening currents that  are along the 
nodes, and is a maximum for currents parallel to 
the antinodes. For YBCO the resulting maximum 
in-plane torque is r _ (1 /4V t3r )H2(H/Ho)AA  ,.~ 
lO-4dyne - cm/rad ,  for H ~ 400 G, area A = 
(2,000 pro) 2. The precision required to observe 
this torque appears to have been achieved [4]. 

At non-zero temperatures a low-field cross-over 
occurs as a result of the redistribution of ther- 
mal quasiparticles in the tlow field. Below this 
cross-over A~II becomes quadratic in H. The 
cross-over field is estimated by equating the exci- 
tation energy of a thermal quasiparticle with the 
shift in the quasiparticle energy associated with 
the superflow, r T  ~_ vyvs ~_ 3Ao(H,~/Ho); i.e. 
H,~ ~_ -}Ho(T/T,) .  The numerical calculations 
confirm this behavior (see Fig. 2). At 100rnK 
the effective penetration depth is calculated to 
be linear over the field range 2 0 G < H  < H~I. 
In this same field range Aeff increases by ap- 
proximately 20Jl, which should be measurable. 
Finally, we emphasize that if the linear tem- 
perature dependence of A(T) at H = 0 is cor- 
rectly interpreted in terms of a d,~_y~ state the 
anisotropic, linear field dependence of A~]] (H, T) 
will be present at low temperatures, T < 100 m K ,  
and its observation would provide strong 
confirmation of unconventional BCS pairing. 
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2. Velocity and temperature dependence of Ps. 
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