Technical Comments

Magnon-Exchange Pairing and Superconductivity

A recent suggestion by G. Chen and W.
A. Goddard (1) for electron pairing in high-
temperature superconducting oxides rein-
troduced the concept of magnon exchange
as a replacement for the standard Bardeen-
Cooper-Schriefter (BCS) phonon exchange
(2). This suggestion received considerable
attention because [on the basis of micro-
scopic calculations (1, 3) for small clusters] it
provided precise estimates of the various
superconducting transition temperatures T
in the cuprate ceramics and calculated an
upper bound T¢% =232 K. We show
that, within the Chen-Goddard mechanism,
the estimates of T, are incorrect because
Chen and Goddard use an equation for T,
appropriate only for weak coupling and that
their T¢®* is spurious, as there is no upper
bound when the correct expression is used.

The Chen-Goddard calculation makes use
of the weak-coupling BCS model (2)

Te=1.13 Tpe™* (1)

where, in the Chen-Goddard mechanism,
To = | Jud = 205 K is a Cu-Cu magnetic
exchange parameter, and the dimensionless
coupling constant \ is (No| Jpd>)/(27| Judl)-
Here N is the band density of states, J,q is
the magnetic coupling of nearest neighbor
Cu and O atoms, and 0 =< 1 = 1 measures
the randomness of the neighboring Cu mag-
netic moments, with 7= 0 representing
complete randomness. Estimates of the pa-
rameters (3) yield X values of 0.0705 7! for
Lay gsSro.1sCuOy, and 0.00609 77! for the
chains of YBa,Cu;0, with 6.8 = y = 7. For
the sheets of YBa,Cu30,, Chen and God-
dard use the parameters from La; gsSrg ;s-
CuO4 with = 0.02. With these values, Eq. 1
yields T, = 114 K and 174 K for v = 0.05
and 0.02, respectively. For X — <, one ob-
tains T, = T = 1.13 | Ju4| = 232 K.
McMillan (4) augmented the weak coup-
ling BCS expression in Eq. 1 to include re-
normalization. This results in the constant
prefactor changing from 1.13 to 0.69, and A
being replaced by N\* = N/(1 + \). This
change, valid for A < ~1.5, is significant
when A ~ 1. For the Chen-Goddard esti-
mate of T, =114 K, A = 1.41. Hence
A* = 0.53 and T, becomes 21 K. For the
Chen-Goddard estimate of T, = 174 K,
A = 3.52 and the McMillan equation breaks
down. It is appropriate, however, to use an
expression obtained either as a fit (5) to the
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Eliashberg equations or analytically (6), and
which gives a reasonable estimate of T,

Te = d| Jad(e** = 1)7'2 (2)

where a = 0.25 gives the correct McMillan
limit. For A = 3.52, T, = 58 K.

The estimate of T,™** = 232 K is a spuri-
ous result, derived from the weak coupling
expression (Eq. 1). If Eq. 2 is used, at the
large X limit we recover the Allen-Dynes (7)
limiting expression T, = 0.18 | Jz4]\"?, and
T, has no upper bound as A — . Within
the Chen-Goddard mechanism, estimates of
T, should be changed from 114 K, 174 K,
and 232 K to 21 K, 58 K, and o, respective-
ly.

At this time it 1s generally accepted that
the identity of the exchange boson for the
superconducting pairing electrons in the
oxides is still an open question. Phonons,
excitons, plasmons, and magnons are among
the candidates (8), and there are more. In all
cases the appearance of a superconducting
instability (9) in the original (normal) state
has to compete against other, usually ener-
getically more favorable, instabilities. For
the magnon exchange mechanism the domi-
nating instability is normally another mag-
netic phase, for example, ferromagnetism,
spiral spin arrangements, or spin glasses.

If the superconducting state is stable in
some temperature range, then a T¢** may
possibly exist if N in the exponent and the
prefactor | J44 of Eq. 2 are both renorma-
lized.

It is notoriously difficult to predict the
existence of new superconductors and to
calculate T¢, even for conventional electron-
phonon coupling (10), because large
changes in T, are usually found for small
changes in coupling. Hence the proposal by
Chen and Goddard to test their theory with
the use of microscopic electronic calcula-
tions of their material parameters is very
attractive. However, the cluster calculations
of Guo et al. (3) give at best rough estimates
of the electrical parameters on the scale
needed.
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Response: Cohen and Falicov’s (1) inter-
pretation of our reasoning (2) regarding the
maximum achievable T, is incorrect. The
upper limit for T can be estimated by using
the following equation (3)

T. = % exp[—1.04(1 + n)m] (1)
valid for m ~ 1, where in our case
_ AN(0)(Jpa)? "
87B Jadl
and
(w) = %j o*F(w)dw 3)

The upper limit of (w) is 4],4, while the
upper limit of the exponential term is e,
leading to T, < 1.23 |J44|. Our calculated
value of | J44| ~200 K leads to T, < 246 K.

For m > 1, the correct formula (3) is T,

= 0.18 V{(w")n, where
(0?) = %J @*Flw)do

Estimates of the integral in (w”) using vari-
ous forms for F(w) lead to T, < |Jadl-

Thus the upper limit on T, corresponds
to parameters such that m is of magnitude
one and leads to

T = 1.23| ] = 246 K
In our paper (2) we approximated this as
T3 = Jzq = 200K

which we still consider to be a reasonable
but conservative estimate.

In our analysis of the maximum T, we
presume that the values for J,4 and Jzq are
constrained within tight limits by the char-
acter of the relevant orbitals in the Cu-O
sheets (this leads to |Ju =~ 200 K and
[Jpdl = 400 K, values that increase as the
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Cu-O spacing decreases). On the other hand
Cohen and Falicov seem to assume that
[Jpal =  is possible, leading to T, — .

Given that J,,; and Jz, are fairly tightly
constrained, we assume that the variables
that may be adjusted (by changing composi-
tion, structure, and so forth) to achieve the
maximum T are A (the strength of the
coupling, which depends strongly on the
concentration of holes in the Cu-O sheets)
and 7 [which depends on the distribution of
Cu spins (magnons) for the system with
migrating oxygen holes, F(w)].

There are two alternative approaches to
increasing T¢: (1) increasing A by increasing
the number of holes on the oxygens in the
copper-oxygen sheets (this is limited by the
overall electrostatic energies that will tend to
distribute the holes over the other atoms of
the structure) or (ii) decreasing 7. [This
requires modifying the distribution F(w) to
weight lower energy magnons. The migrat-
ing oxygen holes of the high T, systems
have the effect of doing this. However, we
cannot yet calculate the F(w) for this compli-
cated dynamic spin system and thus do not
have detailed suggestions on how to best
decrease 7.]

Cohen and Falicov (1) also suggest that
the cluster calculations of Guo, Langlois,
and Goddard (4) lead to only rough esti-
mates of the parameters. Since the T
depends sensitively on Jaq, for which there is
no direct experimental value (for the systems
with Cu-O sheets), we carried out the same
type of cluster calculation (generalized va-
lance bond) on the K;NiF, system (same
structure as La,CuQy), where there are di-
rect experimental values of Juu = —52 K
and —56 K (5). In this case the calculated
value is Ju4 = =51 K, which suggests that
our values for the Cu-O system should be
within about 20 K of the calculated 200 K.

There has been a recent experimental esti-
mate made for J,; of the Cu-O systems.
Lyons (6), using Raman light scattering,
found an inelastic peak at 0.37 eV for
LayCu;O4 and 0.32 eV for Y;Ba,Cu;Og¢
(both semiconductors, not superconduc-
tors). As these systems are doped (x > 0),
this peak rapidly disappears. They interpret-
ed this inelastic transition as a double Cu
spin-flip and deduced from linear magnon
theory that AE =54 Ju, leading to
Juaa ~ =790 K for 2-1-4 and J,4 ~ —680 K
for 1-2-3. We believe that the large discrep-
ancy with the calculated value argues against
this interpretation. We suggest that for the
undoped system there may be a small num-
ber of oxygen vacancies leading to extra
clectrons in the system, which would lead to
local Cu'! (d'%) sites. From similar cluster
calculations, we find that the excitation en-
ergy Cu'Cu"— Cu'’Cu' near an oxygen
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vacancy is 0.4 eV and suggest that the

Raman transition is associated with such 4'°

— d° interactions. For the 2-1-4 system, this

could be tested directly by experiments at

high O, pressure that would decrease the

number of oxygen vacancy sites and by our

suggestion lead to the disappearance of the
0.4-eV peak.
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Phylogeny and Molecular Data

Biologists with an interest in animal evo-
lution have eagerly looked forward to the
results of the new sequencing studies of
genetic material, which many colleagues
hope will provide “unequivocal phylogenet-
ic trees.” Such trees should once and for all
solve the problems of homology versus anal-
ogy that have perplexed systematists for
more than a century.

The recent article, “Molecular phylogeny
of the animal kingdom,” by Katharine G.
Field er al. (1) reports the first results of a
large investigation of ribosomal RNA from
a number of phyla and illustrates the results
with four evolutionary trees resulting from
analyses of four slightly different selections
of sequences.

Unfortunately, the four trees show four
different branching relationships of echino-
derms, annelids, arthropods, and chordates.
The tree illustrating the more detailed rela-
tionships of some mollusks (a nudibranch,
two clams, and a chiton), two annelids (a
polychaete and an oligochaete), a pogo-
nophoran, a sipunculid, and a brachiopod
shows the brachiopod and the polychaete as
sister groups derived from chitons and the
carthworm as derived from another point
within the mollusks. This will appear unac-
ceptable to most systematists.

As the authors also state, analyses of
additional portions of the RNA molecule
will establish the branching orders with
higher probability, but it is important to
point out that the molecular data do not
provide unequivocal phylogenetic trees and
must be treated with just as much criticism,
care, and tact as the traditional morphologi-
cal characters.
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Perhaps the most striking and unexpected
result of the investigation into metazoan
phylogeny with 18S ribosomal RNA
(rRNA) partial sequences, as reported by
Field et al. (1), is the indication that the two
sequences from Cnidaria (a hydra and a sea
anemone) branch from a lineage including
ciliates, fungi, and higher plants. They sug-
gest that this provides strong evidence that
the Cnidaria arose independently from other
metazoan groups. However, they do not
mention that this analysis contradicts the
implication of 55 rRNA sequence data from
a variety of Cnidaria. All the cnidarian 58
rRNA sequences clearly cluster with those
of all other known metazoan 5S rRNA
sequences, from a great variety of metazoans
(2). The 58 rRNA sequence from a sponge
also clearly clusters with that of metazoan
sequences (2), although no 18S rRNA data
from sponges are given by Field et al. On the
basis of morphological simplicity, the relat-
edness of sponges to other metazoans has
been more frequently questioned than that
of Cnidaria (3). Even the 55 rRNA se-
quence from the primitively multicellular
mesozoan Dicyema misakiense suggests prob-
able branching from the metazoan lincage at
an carly stage (4, 5). The 5S and 18S rRNA
data are in agreement in suggesting that the
sequences from the planarian Dugesia repre-
sent the most isolated metazoan lineage (1,
2). The admittedly incomplete and contro-
versial fossil record suggests a nearly simul-
taneous initial radiation of lineages repre-
senting Cnidaria and a variety of other
metazoans, 600 to 700 million years ago
(6). This is consistent with the 55 rRNA
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