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JOURNAL DE PHYSIQUE

SUPERCONDUCTIVITY IN ALKALI TUNGSTEN BRONZEST

J. Ruvalds and L.M. Kahn

Colloque C6, supplément au n° 8, Tome 39, aodt 1978, page C6-460

Physics Department, University of Virginia, Charlottesville, Virginia 22901, U.S.A.

Résumé.— Le comportement anormal de la tempé&rature de transition supraconductrice dans
quelques bronzes de tungsténe alcalin peut &tre expliqué par le couplage des &lectrons

induit par 1'échange de plasmons acoustiques.

Abstract.— The anomalous behavior of the superconducting transition temperature in cer-—
tain alkali tungsten bronzes is shown to be consistent with electron pairing induced by

exchange of acoustic plasmons.

The superconducting properties of certain
alkali tungsten bronzes exhibit some highly unusual
features which appear to violate the predictions
of the BCS theory. These nonstoichiometric compounds
are of the form MXWO3, where M represents an Alkali
atom such as Na, Rb, and hydrogen. As x increases,
these compounds become metallic, and the electronic
density of states is believed to increase monotoni-
cally with the alkali content as indicated by ma-
gnetic susceptibility measurements /1/.

On the basis of the BCS theory /2/ the
superconducting transition temperature Tc should
become higher with increasing electronic density
of states at the Fermi energy N(0) according to
the relation
Tc = 0.7(9D exp [E—;]—z—o-)—] (1)
Where the Debye temperature is roughly OD:400 K
in these materials and g is a matrix element of the
electron-phonon coupling. For a free electron model
N(Q) « xl/s, and the predicted Tc increases with
x as shown in Figure 1. If the electron density of
states increases faster (say N(0Q) «x as in Refe-
rence /1/),then the transition temperature of
course should rise more sharply as a function of
alkali content.

In sharp contrast to these expectations.
the experimental dgta show an enhancement of TC
with decreasing x for Rb_WO3 /3,4/ and Na _WO03/5/as
seen in Figure 1. The low values of the electronic
specific heat and magnetic susceptibility in these
materials /1/ would seem to rule out spin fluctua-

tion effects, and the extrapolated density of
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electron states is quite small, resembling the
values of Na, Cu, and other non-superconducting
metals.

The purpose of the present work is to
correlate the anomalous Tc—dependence in these
materials with an electron pairing mechanism achie-

ved by virtual exchange of acoustic plasmons.
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Fig. 1 : Superconducting transition temperature as
a function of alkali content for RbxWO (Referen-
ces /3,4/) and Na,WO, (Reference /5/). The BCS
theory using a free-electron density of states
(N(o) = x 1/3 ) is shown by the dotted line. The
solid curve is the result of the present work
using the Frohlich expression of Equation (3).

This process was originally suggested by Frohlich
/6/ as a possibility in metals with overlapping d
and s-electron bands. Acoustic plasmon modes are

generated by the screening of the d-plasma
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oscillations by the s—electrons, which yields a
linear dispersion for the plasmons of the form
wy = cq (2)

" yelocity is given by

where the plasmon '"soumn
c=(wd2mslwszmd)1/2Vs, in terms of the respective
(%=4,s) plasma frequencies w, = éﬂnzz/mg, the
effective masses L and the Fermi velocity vy of
the s-electrons. By treating the acoustic plasmons
in direct analogy with erdinary phonons, Frohlich
/6/ derived the following expression for the su-

perconducting transition temperature
-1

TC = We 7o (3)

with

F = 2 2/° 1~ 3.
ﬂ(3ﬂ2)1/350 (ndns)l/s a* 52/3ma
is_l/s}’ ®
"4

where § is the degeneracy of the d-band, m and ny
denote the number of electrons in the s and d bands
respectively, and Eo is the dielectric constant,

and a* = Kzlez(msmd)l/z. Similarly, the correspon-
ding plasmon cut-off temperature W can be expressed

as

2 wd? ) 2s Ds
et lm Y 3e | )
(] d d “d
Where Dl is the density of energy levels per elec—

tron near the Fermi energy

The acoustic plasmon exchange mechanism
favors high temperature superconductivity for two
basic physical reasons. First the coupling of
electrons to acoustic plasmons is essentially a
screened Coulomb interaction which may be expected
to be stronger than the usual electron-phonon cou-
pling. Secondly the cut-off frequency W may be of
the order of a plasmon frequency (W 10 K) thus
overwhelming the phonon contribution which invol-
ves a Debye energy cut—off@D ~ 400 K. On the
other hand, the formation of acoustic plasmon mo-
des deprives considerable strength from the bulk
"optical” plasmons, and therefore decreases the
screening of the Coulomb electron—electron repul-
sion. Finally it should be emphasized that the
acoustic plasmons are generated only under restric-
tive conditions, and their well-defined occurance
may be rare.

Applying the Frohlich formulas/3—5/to the
data for the superconducting transition temperature

of alkali tungsten bronzes, we obtain the remarka-
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ble agreement for the vaiation of Td with alkali
content as shown in Figure 1. The fit to experiment
yields values of the coupling F(x=0.1)=0.32 to
F(x=0.5)=0.17, and W=200K. Usingrealistic€F=0-4§V,
m=m, my = 3m0, 8§ =5, and g, = 10 yield larger

values of F(x=0.1) = 0.8 and W 10* K. Therefo-

13

re, the competition from the screened Coulomb re-—
pulsion cannot be neglected in a quantitative
aﬁplication of the theory. This conclusion is sup-
ported by numerical calculations by Pashitskii /7/
and others who obtain T, = 100 K from solutions of
the superconducting energy gap equation.

There is some preliminary support for our
band model in the optical data /8/ which reveals
an absorption edge at Av 3eV for pure insulating
WOj3. As Nax is added the absorption edge moves
higher in energy for x > 0.1, corresponding to a
transition from the valence band to the partially
filled conduction band. The shift in the absorp-~
tion edge is roughly 0.3eV which is consistent
with our s-band superimposed on a rigid conduction
d-band whose bottom is roughly 0.2eV above the
s-band minimum.

In summary, the acoustic plasmon mechanism
to give a good account of the anomalous concentra-
tion dependence of T, in alkali tungsten bronzes,
Further calculations of the reduced Coulomb scree-~
ning are in progress. Finally it would be interes-
ting to probe the alkali tungsten bronzes by di-~
rect electron loss measurements; our calculations
yield Landau damping of the acoustic modes, but
nevertheless show a significant peak in the struc-
ture factor at finite momenta which should be
observable by experiment.

It is a pleasure to acknowledge stimulating
conversations with B. Deaver, L. De Long, C. Frie-
dberg, 1. Lefkowitz, K.L., Ngai, S. Schnatterly and
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