
NEWS AND VIEWS 
HIGH-TEMPERATURE SUPERCONDUCTORS------------------------

Divine malevolence 
Philip 8. Allen 

EINSTEIN believed that God was subtle 
but not malicious. He might have altered 
his view if he had known about high
transition-temperature (high-Tc) cuprate 
superconductors. Divine malice accounts 
well for the crystallography and phase 
stability of these materials, which have 
plagued efforts to reproduce or interpret 
experiments, and thus to confirm or refute 
theories. 

Eight years after their discovery, these 
high-Tc materials are still poorly under
stood. But at a recent conference in 
Stanford (Spectroscopies in Novel Super
conductors, 15-18 March 1995), spec
troscopists and theorists mostly agreed on 
one previously contentious issue: the 
energy gap in the electronic spectrum, at 
least for the highest-Tc systems, has 
'nodes' at which the excitation energy 
goes to zero. Another big issue where 
quarrels are gradually being resolved is 
that the connection between the super-

conducting cuprates and the insulating 
antiferromagnetic cuprates, which are 
crystallographically almost identical, is 
becoming clearer. 

First, some background. Superconduc
tivity is a low-temperature property of 
many metals. The BCS theory, developed 
in 1957 by Bardeen, Cooper and Schrief
fer, revealed that the secret of the super
conducting state is a new form of long
range order created by pairing of elec
trons. This requires an effective attractive 
interaction to counteract the Coulomb 
repulsion. In 'conventional' superconduc
tors this is an indirect interaction, mod
ulated by the ionic lattice (for a rough idea 
of how this works, consider an electron 
moving past and attracting an ion: the 
ion's change in vibration can in turn 
attract a second electron). Pairing changes 
the way we have to think about the 
electron energy levels of the material. 
Single electrons are Fermi particles which 

Symmetries and sign change 
IN a normal metal, apart from a 
periodic modulation, the single 
electron orbitals are plane waves 
1JJ(,}=e'k' and have energies which 
vary continuously with wavevector 
k. The order parameter of a super· 
conductor is the 'pair amplitude'. 
This is closely related to the wave
function 1JJ(r1-rJ of a Cooper pair 
of electrons at positions , 1 and , 2 . 

Specifically, the pair wavefunction 
(apart from a periodic modulation) 
is 

1JJ(rcrJ = Lg(k)exp[ik(,1 -,J] 
k 

where g{k), the Fourier transform of 
the pair amplitude, is proportional 
to the energy gap .1k. 

The excited states of the super· 
conductor are altered from the 
normal state. In the normal state it costs 
energy IEk-EFI to put an electron into an 
excited one-electron state, where Ek is the 
single particle energy spectrum and EF is the 
Fermi energy. In the superconducting state, 
the energy cost is ((Ek-EF)2 +.1~""- In the 
normal state the minimum energy cost is 
zero, whereas in the superconducting state it 
is instead the smallest value of l.1kl-

ln ans-wave superconductor, .1k is approx
imately a constant, .10 , independent of k, but 
in a d-wave state, the gap .1k has d(x2-y2) 
symmetry in k-space: .1k oc ~-~. This 
function has zeros, or 'nodes', when lkxl = lkyl 
(at 45° between the kx and ky axes.) The 
corresponding 'real space' pair wavefunction 
1JJ(r1-rJ computed from the equation above 
will then have d-wave (x2-y2) spatial symmet
ry, with nodes and a sign change upon 
rotation of 90°, as indicated in the figure. 

188 

J2 
X 

J1 

This sign change is directly measurable by 
doing an interference experiment using 
Josephson junctions to transfer Cooper pairs 
into the d-wave superconductor (from a con
ventional s-wave superconductor) at one 
angle, and then back out at an angle rotated 
by 90°, as illustrated in the picture. The pairs 
removed at J2 have the sign of their wave
function changed relative to their sign at the 
point of insertion Jl. In the conventional 
superconductor which completes the circuit, 
there is no sign change, and therefore the 
wavefunction violates the requirement of 
being 'single-valued' unless the sign change 
is compensated by a half-integral number of 
magnetic flux quanta through the loop. This 
unusual magnetic effect has now been de
tected (see text) and seems to settle the 
question of a sign change and nodes in the 
energygap. P.B.A. 

obey the Pauli exclusion principle: only 
one of each spin can occupy each level. 
But when they pair up, the result is 
a Bose particle which obeys a different 
law. At low temperatures, Bose particles 
can all condense into the same state. BCS 
superconductivity consists of the simul
taneous formation and condensation of 
electron pairs. 

The 'pair field' '!/)(r) used to describe the 
superconducting state has multiple roles. 
It is a sort of two-electron wavefunction 
attached to each point of the material, and 
represents not only the form of the elec
tron pair but also the amplitude and phase 
of the new long-range order. In addition, 
it is proportional to the gap which opens in 
the electron spectrum at low tempera
tures. An ordinary metal has no gap; 
electronic excited states of arbitrarily low 
energy are available. In a superconducting 
material, an energy gap exists only at 
temperatures below Tc. Above T0 the 
pair field disappears, and with it the gap, 
and the metal becomes a normal ohmic 
resistor. 

Much of this BCS framework also 
seems to apply to the cuprates. The main 
issues are the nature of the particles that 
pair, the pair field they condense into, and 
the interactions that promote the pairing. 
It is the form of the pair wavefunction that 
has particularly been exercising ex
perimenters for the past year. Last sum
mer, V. J. Emery described the con
tinuing debate over the symmetry of the 
wavefunction, which is highly anistropic 
(Nature 370, 598; 1994). Since then the 
evidence already accumulating ford-wave 
symmetry has strengthened. 

Apparently the pair wavefunction 'IJ}(r) 
varies with direction like the d-wave func
tion x2 -y2 shown in the figure .. This 
function can also be written as r2cos(20) 
and changes sign as the angle 0 from the 
x-axis increases by 90°. The Fourier trans
form of 'IJ}(r) is proportional to the k-space 
energy gap ,1k (see box). It has a similar 
variation, k}-k/. The minimum excita
tion energy, l.1kl, thus has zeros when 
kx=ky, at 45° to the kx axis. 

Evidence for a minimum excitation 
energy l-1lmin = 0-and thus for nodes
comes from photoemission experiments 
(J. C. Campuzano, Argonne National 
Lab.; Z. X. Shen, Stanford Univ.); from 
Raman scattering (R. Hackl, Meissner 
Institute; M. V. Klein, Univ. Illinois, 
Urbana); from quasiparticle tunnelling 
(0. Fischer, Univ. Geneva); and from 
microwave loss experiments (D. A. Bonn, 
Univ. British Columbia). The simplest 
indirect indicator, the low-temperature 
heat capacity, previously plagued with 
sample problems, now also agrees (K. A. 
Moler, Stanford Univ.). 

However, although the evidence for 
nodes in YBa2Cu30 7 is conclusive, the 
interpretation as d-like is not universally 
accepted. For one thing, the low crystal-
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