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these minerals serve as convenient 
neutron dosimeters for the present 
purposes. 

In short, uniform, well-located 
glass is the material of choice. I 
would welcome communication from 
anyone who knows of such material, 
or who can direct me to someone who 
might, at the Department of Earth 
and Environmental Sciences, Rensse­
laer Polytechnic Institute, 110 8th 
Street, West Hall G-17, Troy NY 
12180-3590; phone 518-276-8523; fax 
518-276-8627. 

References 
1. K. Shizuma, K. Iwatani, H. Hasai, M. 

Hoshi, T. Oka, H. Morishima, Health 
Phys. 65, 272 (1993). 

2. R. L. Fleischer, Health Phys. 52, 219 
(1987). 

10 / 93 

ROBERT L. FLEISCHER 
Rensselaer Polytechnic Institute 

Troy, New York 

In Explaining High Tc, 
Is d-Wave a Washout? 
The Search and Discovery story "In 
High-Tc Superconductors, Is d-Wave 
the New Wave?" (May 1993, page 17) 
did not adequately reflect the nature 
and severity of the negative com­
ments that I expressed to its author, 
Barbara Goss Levi. I believe my mis­
givings are widely shared in the theo­
retical community and I think they 
should have been less casually 
treated. 

Levi's treatment of the experi­
ments, which occupied most of the 
article, was careful and pretty much 
evenhanded. One not entirely minor 
point is that the photoemission spec­
trum of Zhi-xun Shen given in the 
striking illustration on page 19 is 
also a striking illustration of how 
lines drawn to "guide the eye" often 
deceive it instead. The blue and 
green points (obtained above and be­
low T0 , respectively) on curve B differ 
by more than experimental error and 
clearly signal an energy gap in the 
Fermi surface of some magnitude at 
point B in wavevector space. (I esti­
mate approximately 0.3 of the gap at 
point A.) The line as drawn is not a 
good representation of either set of 
points. Thus while the evidence for 
anisotropic electron pairing is strong, 
that for a node in the gap, as ex­
pected for dx' - y' pairing, is not. 

I also feel that the remark quoted 
from Malcolm Beasley seriously mis­
states the situation: Many of us feel 
that experiments have already told 
us a great deal. 

While the theoretical section of the 
story is brief, the prominence given 

the experiments is clearly motivated 
by theory, so the following points 
should be taken into consideration: 
I> The "spin fluctuation" theories of 
T. Moriya, Douglas Scalapino and 
David Pines, especially that of Pines, 
are in a real sense not true theories 
but rather heuristic models with 
many unexamined assumptions . 
Some of those assumptions are very 
questionable, particularly the as­
sumption that antiferromagnetic spin 
fluctuations can result from a pertur­
bative "Fermi liquid" model. Anti­
ferromagnetism as normally ob­
served is a consequence of the 
Mott-Hubbard gap, which cannot be 
treated perturbatively. (The ex­
change coupling J is proportional to 
1/U, which cannot arise perturba­
tively in U, the interaction coupling 
constant.) Another, related assump­
tion is the neglect of vertex correc­
tions, as pointed out by J. Robert 
Schrieffer in his talk at the Santa Fe 
meeting where the problem of spin­
fluctuation theory was extensively 
discussed. 
I> The spin-fluctation model relies 
heavily on detailed computer calcula­
tions that are not subject to inde­
pendent check and that have un­
known sensitivity to the choice of 
parameters. Not only are a consid­
erable array of arbitrary parameters 
adjusted to fit the data, but the spin 
fluctuations enter into the calcula­
tions via an arbitrary function that 
is only weakly determined by experi­
ment. These computer fits are car­
ried out for normal-state transport 
and magnetic properties as well as 
superconducting properties, and their 
workings are not available for de­
tailed examination. In contrast, the 
most seriously competing theory, my 
own, relies on no calculations that 
cannot be verified by anyone on the 
proverbial back of an envelope (ex­
cept for the recent calculations of gap 
anisotropy by Sudip Chakravarty, 
Asle Sudb!'l, Steven Strong and me). 
The few parameters used are not sen­
sitive and are mostly commonsensi­
cal. Even the gap anisotropy (which 
was not produced in response to the 
experiments, contrary to Levi's state­
ment) follows from a few-parameter 
tight-binding model that fits the cal­
culated band structure. Normal­
state properties are all simple power 
laws with the power determined from 
first principles . The fact that my 
approach is theoretically deep leads 
to computational simplicity. 
I> The normal states of all of the 
high-Tc materials at optimal doping 
differ very little; for instance, as 
shown by Bertram Batlogg, the resis­
tivity per plane at optimal doping is 
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almost independent of Tc as Tc varies 
from approximately 5 K to approxi­
mately 125 K. Many other normal­
state properties are simple, anoma­
lous and generic. This makes it 
implausible that the same interac­
tions that cause Tc are responsible 
for the normal-state resistivity (for 
instance) in all cases, as postulated 
by the spin-fluctuation theories. Tc 
seems to have no correlation with 
magnetic fluctuations or with other 
normal-state properties. The proper­
ties of high-Tc materials are, heuris­
tically, very simple and very striking. 
For instance, I h ave shown that a 
single, simple formula based on in­
terlayer interactions can parametrize 
the Tc's of a ll known materials. (It 
fits the new mercury-based materials 
very well.) The use oflaborious case­
by-case calculations with no clear 
heuristic guidelines seems misguided 
in the face of this simple phenome­
nology. The conventional attitude, 
that laborious calculations lend 
weigh t to a theory, is opposite to the 
reality: that valid theories are invari­
ably subject to many simple, qualita­
tive ch ecks . 
I> It seems impossible that super­
conductivity is caused by spin fluc­
tuations, in view of the sensitive de­
pendence of Tc on the nonmagnetic 
constituents of the material. None­
theless, as I have pointed out, the 
symmetry of the gap function de­
pends on residual interactions and 
could (though I think it unlikely) be 
d-wave. I commented to Levi on at 
least two contrary indications: the 
impurity insensitivity of the copper 
oxides and the isotope effect seen in 
lower-Tc examples such as (La­
Sr)2Cu04, which has normal sign, if 
redu ced magnitude compared with 
ordinary elemental superconductors. 
Levi quoted only the former. The 
isotope effect would be likely to be of 
anomalous sign for a d-wave gap, 
since phonon scattering is pair-break­
ing for such a gap. Pines and 
Philippe Monthoux cannot calculate 
the impurity effect as they claim, 
since their theory has no explanation 
for the absence of residual resistance 
in, for instance, this substance. 

The spin-fluctuation "theory" has 
been welcomed by experimentalists 
because it appears simple conceptu­
ally and incorporates many experi­
mental data. Some of the data are 
sound-the nmr data, for instance­
but not uniquely interpretable; the 
neutron data are straightforward in 
principle but very sketchy in detail: 
For instan ce , no magnetic signal 
identified with the "chain" electrons 
is ever seen. There are enormous 
backgrounds, and samples of the ap-

propriate size are seldom unequivo­
cally pure . The theory ignores, 
among other data, the extensive and 
striking photoemission data on nor­
mal-state samples, which seem in­
compatible with simple perturbative 
"Fermi liquid" theories. 

It is hard to understand why such 
a facile but naive approach should be 
taken so seriously, even if, hopefully, 
only briefly so. I do not attempt to 
explain this phenomenon, but it is 
not scientific in origin. There is no 
possibility that spin-fluctuation the­
ory in the current form can explain 
high-Tc cuprates. 
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PHILIP W. ANDERSON 
Princeton University 

Princeton, New Jersey 

PINES REPLIES: The physical origin 
and theoretical description of high­
temperature superconductivity will 
be settled in the refereed scientific 
literature, not in the Letters depart­
ment of PHYSICS TODAY. However, it 
is important to respond to Philip An­
derson's letter, since he has made 
su ch a strong attack on the work of 
so many people whose scientific cre­
dentials I hold in esteem and on a 
general theoretical viewpoint, the 
spin-fluctuation mechanism with its 
predicted dx' - / pairing state, that is 
backed by a rapidly growing body of 
theoretical and experimental work 
published in that refereed literature. 

In summary, and in direct contra­
diction to Anderson's assertions, ex­
periment demonstrates that antifer­
romagnetic spin fluctuations play a 
key role in determining normal-state 
behavior, which does not consist of 
simple power laws, and makes it evi­
dent that computer calculations are 
essential if one seeks a quantitative 
account of experiment. For a model 
Hamiltonian of planar quasi particles 
coupled by the anomalous spin fluc­
tuations that their magnetic interac­
tion produces, the present generation 
of computer calculations provides a 
surprisingly accurate account of the 
resistivity, optical properties and su­
perconducting transition tempera­
tures Tc of YBa2Cu30 7, and of the 
changes in the resistivity and in Tc 
when Ni and Zn impurities substitute 
for the planar Cu sites in this system. 

As Barbara Goss Levi noted in her 
Search and Discovery story, many 
theoretical groups have explored 
ways of using spin fluctuations as a 
source of high-temperature supercon­
ductivity. Our theoretical research 
in Urbana,1 carried out in collabora­
tion with Alexander Balatsky, Victor 
Barzykin, Andy Millis, Hartmut Mo­
nien, Philippe Monthoux, Alexander 
Sokol and Dean Thelen, is based on 
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the premise that the spin and charge 
properties of YBa2Cu30 7 and other 
cuprate superconductors reflect the 
close approach of the normal state to 
anitferromagnetism. Strong support 
of this Ansatz has been provided by 
experiments on YBa2Cu30 6.632 and 
YBa2Cu40 8

3 that show that the spin­
gap-induced changes in the spin-fluc­
tuation spectrum measured in nmr 
experiments are accompanied by 
changes in the normal-state resistiv­
ity and Hall coefficient, and by recent 
nmr experiments4 and accompanying 
theoretical work5 that demonstrate 
that in the normal state the anoma­
lous magnetic properties of the cu­
prate superconductors reflect differ­
ent (as a function of doping and as a 
function of temperature) regimes of 
scaling behavior, similar to those 
found in calculations of the influence 
of holes on the two-dimensional Hei­
senberg antiferromagnetic descrip­
tion of the insulating state.6 The 
physical origin of this scaling behav­
ior is the near-antiferromagnetism of 
the normal state. 

Realistic calculations on the cu­
prate superconductors must therefore 
take into account nonperturbatively 
both the nonlinear feedback effects 
responsible for the measured mag­
netic scaling in the metallic state and 
the structure in momentum space of 
the spin-fluctuation-induced interac­
tion between quasiparticles, which, if 
neglected, leads one to underestimate 
Tc by factors of three to five. 1 Such 
calculations cannot be carried out 
analytically; one has no choice but to 
rely on the computer. To study these 
effects in YBa2Cu30 7 , Monthoux and 
I have used a model Hamiltonian in 
which the quasiparticle and spin ex­
citation spectra are taken from ex­
periment. In work that is easily sub­
ject to independent verification by a 
computationally literate theorist, we 
found that by using fast-Fourier­
transform techniques, we could ob­
tain accurate solutions of the coupled 
nonlinear Eliashberg equations on a 
Cray Y-MP.1 In our most recent 
work/ we explore the sensitivity of 
Tc to the details of the spin spectrum, 
calculate impurity-induced changes 
in the resistivity and T0 and explain 
the remarkable difference in the in­
fluence of Ni and Zn impurities on 
Tc. That difference serves as a 
"smoking gun" for the spin-fluctua­
tion mechanism, since Zn, which 
changes the local magnetic order and 
hence the spin-fluctuation-induced 
interaction responsible for supercon­
ductivity, has a three times greater 
influence on Tc than does Ni, which 
scarcely affects the low-frequency 
magnetic properties.8 

As Monthoux, Balatsky and I have 
frequ ently emphasized, since our 
nearly antiferromagnetic Fermi-liq­
uid approach predicts unambiguously 
that the superconducting state of 
YBa2Cu30 7 (and any other system for 
which the exchange of spin fluctua­
tions peaked at the commensurate 
antiferromagnetic wavevector pro­
vides the superconducting mecha­
nism) must be dx2 - i • experimental 
detection of that pairing state is a 
crucial test of our theory. Two recent 
additions to the experiments9•10 dis­
cussed by Levi that support d-wave 
pairing are the work of Thomas 
Deveraux and colleagues, 11 who find 
that measurements of the electronic 
Raman effect provide a large amount 
of symmetry-dependent information, 
with results for Bi2Sr2CaCu20 8 in 
agreement with dx2 -y' pairing, and of 
Dermot Coffey,12 who has reviewed the 
considerable body of evidence in tun­
neling experiments for features, pre­
dicted by ~2 -l pairing, at multiples of 
the superconducting energy gap. 

The extreme sensitivity to sample 
purity found in measurements of the 
low-temperature properties of the su­
perconducting cuprates also finds a 
natural explanation in dx2-y' pairing, 
since at low temperatures imperfec­
tions change the clean-limit density 
of states for quasiparticles near the 
point nodes of the two-dimensional 
system to a constant value.13 The 
sample sensitivity revealed in con­
trolled nmr8 and penetration depth 
experiments9 explains why so many 
previous experimentalists working 
with thin films or somewhat imper­
fect crystals have found a quadratic 
variation for penetration depth at low 
temperatures. 

Of course much more theoretical 
and experimental work remains to be 
done before we arrive at a full un­
derstanding of superconductivity in 
the cuprates. We are, however, at a 
stage where the quality of the experi­
mental work demands more than 
back-of-the-envelope calculations by 
theorists. Indeed, "the devil is in the 
details," which show, for example, 
that the magnitude of the gap con­
tained in the anisotropic s-wave state 
of Sudip Chakravarty and col­
leagues14 is too large to be quantita­
tively compatible with nmr and pene­
tration depth experiments on 
YBa2Cu30 7.9 It is to be expected that 
the spin-fluctuation mechanism and 
dx2 -y' pairing will continue to present 
a tempting target for experimental­
ists and theorists alike, and those of 
us who believe d-wave is not only the 
new wave but the right wave can only 
welcome that attention. 

continued on page 120 

Superconductlng 
Magnets 

Cryogenic 
Instrumentation 

REE' , 0 pages f • 
fREE· 5 cata\o9 

product t·oo Gu\de 
p\\C3 \ 

and AP "\5-482-"\056 
ca\\ 6 coPY for '(our 

• Supercond ucting Magnets 

• Dewars 

• Magnet Support Stands 

• Vapor Cooled Current Leads 

• Power Supplies 

• Power Supply Programmers 

• Energy Absorbers 

• Computer Interfacing 

• Helium Level Meters 

• Helium Level Sensors 

• Helium Level Controllers 

• Helium Level Dipsticks 

• Cryogenic Level Meters 

• Cryogenic Level Sensors 

• Cryogenic Level Controllers 

• Cryothermometers 

Call, Fax or Write: 

American Magnetics Inc. 
P.O. Box 2509 

Oak Ridge, TN 37831-2509 

Phone: 615-482-1 056 
Fax: 615-482-5472 

Telex: 557-592 

APS Show-#1 00 Circ le number 17 on Reader Service Card 

PHYSICS TODAY FEI3RUAIW 1994 15 



continued from page 15 
In preparing this response I have 

relied heavily on the written version 
of a review talk presented at the La 
Jolla Conference on Strongly Corre­
lated Electron Systems, 15 to which 
the interested reader is referred for 
further details. 
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SCALAPINO REPLIES: I believe that 
there are sound theoretical and ex­
perimental reasons for considering 
the possibility that the pairing 
mechanism in the cuprate supercon­
ductors is associated with antiferro­
magnetic spin fluctuation that leads 
to a dx' - l gap. 

While the initial theoretical sug­
gestions for this mechanism were 
based upon perturbation theory for a 
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two-dimensional Hubbard model 
doped near half-filling, subsequent 
Monte Carlo calculations1 have 
shown that there is an attractive 
pairing interaction in the dx' -l chan­
nel. Furthermore, exact diagonaliza­
tion studies2 of the strong-coupling 
t- J limit of the Hubbard model pro­
vide evidence that two holes form a 
dx' -l bound state when the ratio of 
the exchange coupling J to the hop­
ping t is greater than a critical value. 
Although none of these numerical cal­
culations has provided definitive evi­
dence for a dx' - l superconducting 
state, the fact that quite different 
numerical approaches, ranging from 
conserving diagrammatic approxima­
tions to Monte Carlo and Lanczos 
numerical studies, all find evidence 
for dx' - l pairing correlations is sig­
nificant. 

With respect to experiment, a vari­
ety of results have been compared with 
the spin-fluctuation dx' -l pairing 
ideas, because detailed, albeit approxi­
mate, calculations based on those ideas 
have been carried out. Again, these 
phenomenological calculations cer­
tainly don't provide a unique interpre­
tation, but the range of phenomena 
that have been fit within this frame­
work is striking. For example, in ad­
dition to the nmr longitudinal-relaxa­
tion-time measurements mentioned in 
the Search and Discovery story, the 
temperature dependence of the trans­
verse relaxation time3 supports a 
dx' - y' scenario. In addition, the same 
form for the spin susceptibility that 
was used in calculating these nmr re­
laxation times provides a dx' - l-based 
explanation4 for the isotropic but in­
complete suppression of the neutron 
scattering intensity experimentally ob­
served5 in La1.86Sr0_14Cu04 below T c. 

Recently an analysis of the tem­
perature dependence of the micro­
wave penetration depth and its de­
pendence on impurities6 has shown 
that a dx' -l gap also provides a plau­
sible explanation for why the tem­
perature dependence of the pene­
tration depth observed at low 
temperatures in clean YBCO is lin­
ear, while a quadratic dependence 
appears when impurities are added. 
A similar analysis that has been car­
ried out for the real part of the mi­
crowave conductivity7 will test whether 
the dynamic and impurity scattering 
lifetime effects are consistent with the 
dx' _ ' and spin-fluctuation. ideas. 

Thus the question of whether the 
cuprate superconductors are in a 
dx'-l pairing state induced by the 
underlying short-range antiferromag­
netic correlations will be decided ex­
perimentally. 
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SHEN REPLIES: The figure to which 
Philip W. Anderson refers was poorly 
reproduced in PHYSICS TODAY. Read­
ers should refer to our original figure 
and discussion1 for experimental de­
tails. We discussed the gap anisot­
ropy in the context of the position of 
the midpoint of the leading edge of 
the photoemission intensity peak. At 
point A, the midpoint of the leading 
edge is shifted to higher binding en­
ergy below Te> indicating a gap open­
ing. At B, the midpoint is not shifted 
within the uncertainty, reflecting a 
much smaller (or null) gap. We need 
more theoretical input to understand 
the change of the photoemission line 
shape as a function of temperature. 
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A Record-Breaking 
Superconductor, Missed 
I read with interest the news story 
[by Barbara Goss Levi] in the July 
1993 issue (page 20) entitled "Critical 
Temperature Nears 135 Kin a Mer­
cury-Based Superconductor." I was 
surprised by the opening sentences: 
"No superconductor has broken the 
record for the highest critical tem­
perature since 1988, when a thal­
lium-bearing compound, exhibiting 
resistanceless conduction at tempera-




