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IN HONOR OF C. N. R. RAO ON HIS 60TH BIRTHDAY

The metal-insulator transition in a copper-oxide superconduc-
tor is discussed. It is shown that at the composition where this
occurs at zero temperatures, the number of carriers (bipolarons)
varics at T. This gives a tentative explanation of the behavior of
the Hall coeflicient. Professor Rao’s work has shown that there
are important correlations between T, and hole concentration in
a range of cuprate superconductors based on lanthanum, necodym-
ium, thallium, and bismuth. This paper discusses the semiconduc-
tor-superconductor transition for these materials. © 1994 Academic

Press, Inc.

Professor Rao (1) has shown that there are important
correlations between T, and hole concentration in a range
ol cuprate superconductors based on lanthanum, neodym-
ium, thallium, and bismuth. This paper discusses the semi-
conductor-supetconductor transition for these materials,
All of them start with similar behavior. Starting with an
antilcrromagnetic insulador. the material is doped, nor-
mally with an acceptor. The first rcsult is that the Néel
temperature drops to zero; in La,_ Sr,CuQy this occurs
at x = 0.03, though in the n-type matcrials the drop is
much slower. There is then a range of nonmetallic (spin
glass?) behavior, where conduction is by some kind of
hopping. There is finally a transition to metallic (supercon-
ducting) behavior, with a fow T_ which rises rapidly.

We have first to ask why doping destroys the antiferro-
magnetic order in an antiferromagnetic semiconductor,
such as Gd,_ V.S, (V stands for vacancy). The carricrs
itt the conduction band form spin polarons {ferrons). The
concept of this entity was introduced by de Gennes (2)
in 1961 and is illustrated in Fig. 1; the cluster of spins
greatly increascs the mass of the carriers, and in the above
material they arc subject to Anderson localization, but
are destroyed by a magnetic field (3). I supposcd that they
were formed in, for instance, La,  Sr,CuQ,, but work
with polarized neutrons showed that they carry no mag-
netic moment. | therefore assumed {4) that energy is low-
ercd if the configuration is changed to that (in 2D) of a
metallic disc, highly correlaied in the sense of Brinkman
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and Rice (5); most of the energy needed to break down
the strong AF correlations would then be avoided.

The radius R of the spin polaron is thought to be of
order a(t/J)"5, where t is the energy transfer integral
for a carricr (an oxygen 2p hole) and J the AF coupling
constant. According to Mackawa et al. (6) (sce also Lu
and Si (7)) 114 should be large enough for all copper sites
to be included within such a polaron, thus destroying the
AF order.

It is perhaps noteworthy that for the n-type material,
7. does not drop so rapidly with doping. Here the carrier
forms a Cu3d' state, and  should be much smaller, so
we can assume that more of our spin polarons are needed
(see Zhang and Bennemann (8)). The absence of the apical
oxygen for an n-type material will also affect the band
structure, and may be relevant to the different form of
the spin polaron.

Thomas (9) and Armstrong and Edwards (10) have sup-
poscd that the transition to a metallic state occurs at a
concentration given by the empirical formula

n3a, = 0.26. [

To check this, one needs to estimate ay, which Thomas
takes to be from 3 to 5 A. Mott (11) finds that Eq. [1],
with a slightly different constant, can be deduced from
the averlapping of twe Hubbard bands, or altenatively as
an Anderson transition for noninteracting particles. We
think an Anderson (seccond order) transition is occurring
here. The carricrs are dielectric polarons, with spin polar-
ons only forming a core. The dielectric effect must be
responsible for much of the mass enhancement, since
these lightly doped materials show a large isolope effect,

As soon as the carriers become free to move, we sup-
posc they form bosons. The critical temperature is that
at which the boson gas become degenerate. Neglecting
interaction, this gives in three dimensions

kpT. = 3.3 R m,
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FIG. 1. {a) Spin polaron, and (b) spin bipolaron.

where

m = (mymymy)'"?

and m,, etc., are the boson effective masses in three crys-
tallographic directions. As is well known, in two dimen-
sions, no Bose condensation is possible, but with interac-
tion this is not so.

In general, it appears from the study of He that interac-
tions do not have a major effect on 7, (Mott (12)).

Striking evidence that the transition from semiconduc-
tor to superconductor is of Anderson type comes from a
study of the Hall effect, which for low values of the doping
above T, behaves like

Ryx/T.
This suggests that the number of carriers behaves like 7.
This differs slightly from what we should expect for an

Anderson transition. At zero temperature the conductiv-
ity should be of the form (in a three-dimensional system)

_ __
7 i [] (k;g)z} ’ -

where both g and { vary with this energy. At a finite
temperature (Mott and Kaveh (13), Mott (11}))

- __1 e
7o 1 -1~} .

and since at 7 = 0 the conductivity vanishes, kig = 1 and
at finite temperatures

o= U'm'mallL .
Here L is the inelastic diffusion length given by

L=VDr.

We suppose that D is independent of temperature, and 7,
determined by l.andau Baber scattering, is proportional
to /7% Thus

L=1T,

and the conductivity varies as 7.

This peculiar behavior applies only at the composition
for the transition; in general o is n7, which is proportional
to I/T.

Investigations by Thomas et al. (14) on SiP using stress
tuning show that in the limit of low T « for the concentra-
tion and stress at the T = 0 transition varies as T'? (see
also Milligan, (15)).

The square reot comes from the correction to Eq. [3]
resulting from interactions (Altshuler and Aronov {16}.
We assume that this is absent, because the correction
arises from a change in the density of state near the Fermi
energy, and in our case the density of states comes
from Bosons.
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