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Metal-Insulator Transition near a Superconducting State
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We show that when the metal-insulator transition occurs near a superconducting state it results in a

different critical behavior from that of amorphous metals or uncompensated doped semiconductors. This
difference results from the enhancement of the effective electron-electron interaction caused by fluctua-
tions to the superconducting state. This explains the recent experiments of Micklitz and co-workers on

amorphous superconducting mixtures Ga-Ar and Bi-Kr.

PACS numbers: 71.30.+h, 74.65.+n

Recently, Micklitz and co-workers [I] measured the
critical behavior of conductivity near the metal-insulator
transition for amorphous Ga-Ar and found quite surpris-
ingly that it is similar to that of uncompensated doped
semiconductors like SiP [2], Si:As [3], Si:Sb [4], and
Ge:As [5]. Moreover, this critical behavior is in contrast
to all previously measured amorphous metals and semi-
conductors As:Al [6), Ga:As [7], Ge:Au [8], Ge:Mo [9],
Si:Nb [10],and Si:Au [11). In particular, the critical be-
havior of the conductivity which is given by o =ao[(n

n, )/—n„]" indicates a universal exponent p = I for the
above amorphous materials whereas amorphous Ga-Ar
shows p = —,'. Micklitz and co-workers [12] also mea-
sured the critical behavior of another amorphous mixture,
Bi-Kr, and found that it shows a critical exponent p = I.
They have pointed out [I] that the difference between the
two materials is that the strength of the spin-orbit cou-
pling is stronger for Bi-Kr. The interesting question
which these experiments raise is why are these materials
different from the other amorphous metals [6-11] for
which the critical behavior is independent of the strength
of the spin-orbit coupling, being weak for amorphous
Si:Al and strong for Si:Au. Moreover, the suggested
[13,14) association of the difference in the critical behav-
ior of materials which show p =

& as compared to those
which show p = 1 with the strength of spin-orbit coupling
is not supported by recent experiments. The uncompen-
sated doped semiconductors show the same critical be-
havior p= —,

' independent of the strength of the spin-

orbit coupling which is weak for Si:P but very strong [15]
for Si:Sb. Dai, Zhang, and Sarachik [16] have recently
tested this point explicitly. They measured the critical
exponent of Si:B and showed that it belongs to the same
class as uncompensated doped Si, with p = —,', in spite of
the fact of strong spin-orbit scattering.

In this Letter, we show that the key feature of the
Micklitz amorphous mixtures is that they become super-
conducting, Ga-Ar at T, =9 K and Bi-Kr at T, =6 K.
We propose that fluctuations to the superconducting state
enhance the eAective electron-electron interaction to such
an extent that only in this case does the critical behavior
depend on the spin-orbit coupling. For nonsuperconduct-
ing materials the effectiv interaction is small and the

critical behavior does not depend on the spin-orbit cou-

pling as is evidenced by experiment. Our classification in

this case of the diAerent classes of critical behavior relies

only on the valley degeneracy which occurs only for un-

compensated doped semiconductors but is absent in all

the amorphous semiconductors.
The most recent study of the electron-electron interac-

tion near the metal-insulator transition is due to Castel-
lani, Kotliar, and Lee [13]. This work is only correct to
lowest order in e=d —2. It should also be noted that the
results of Castellani, Kotliar, and Lee [13] have been
corrected for the case of pure potential scattering by Bel-
itz and Kirkpatrick [14] who illustrated how high-order
terms may change results. In their approach [13], the
two diflerent classes of critical behavior result from
diA'erent symmetries of the Hamiltonian. The class of
systems which contain potentials which break time-

reversal symmetry like spin-orbit scattering should not

[13] show a localization transition where the diffusion

constant D 0, but the metal-insulator transition is

driven instead by electron-electron interactions with a

critical exponent p =1. Materials with weak spin-orbit
scattering should show [13) a different critical behavior in

which the critical exponent p = —,
'

is somewhat an ac-
cident. Thus, according to these authors the diff'erence

between the two classes is the strength of the spin-orbit
scattering, although a definite value of p = -' was not ob-

tained. In Table I, v e present all the materials for which

the critical behavior has been measured. It is known [15]
that the strength of the spin-orbit coupling is proportional
to (hZ), where AZ is the diff'erence between the atomic
numbers of the host and the doped atom. W'e see that for
the uncompensated doped semiconductors where the criti-
cal exponent is p = —,', AZ ranges from AZ =

1 for Si:P
up to hZ=27 for Si:Sb. Thus, the index p in this class
does not seem to depend on the strength of spin-orbit

coupling. In p type Si B, Dai, Zhang, and Sarachik
[16] have found an "anomalous" critical exponent p
=0.65 —+0'l4 in spite of the fact that this material shows

clear evidence [16] of strong spin-orbit scattering.
We now turn to the second class in Table I in which a

critical exponent p =1 is shown. Here again hZ ranges
from hZ =1 for Si:Al up to hZ =55 for Si:Au. We
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Uncompensated
Si:P

Ge:As
Si:B

Si:As
Si:Sb

doped semiconductors
1

I

1

18
6 I

27

Si:Al
Ga:As
In:Sb

Ge:Mo
Si:Nb
Si:Au

Amorphous metals
1

2
0

10
27
55

Superconducting amorphous mixtures
Ga:Ar 13
Bi:Kr 47 1

therefore conclude that this class as well as the previous
one is independent of the spin-orbit coupling. In view of
this, one may well appreciate the surprising fact that the
superconducting amorphous mixtures which were de-
veloped by Micklitz and co-workers [1,12] seem to de-
pend on the spin-orbit scattering (see Table I).

We first demonstrate that all the nonuniversal critical
behavior that has been observed may be classified in a
simple manner, by making use of the nonuniversality of
the Hartree long-range electron-electron interactions
[17]. The electron-electron interaction consists of two
parts [18], the exchange which is universal and the Har-
tree contribution which is material dependent.

The correction to the conductivity due to quantum in-
terference and electron-electron interactions in the weak
disorder limit is given at zero temperature by [18-20)

0' =g CFg 1
CL+ CI

g'(K I)' (la)

where g is the Mott reduction parameter of the density of
states near the transition.

For the noninteracting case (where CI =0) we have
given [18,19] arguments why we believe that Eq. (la) is
valid down to the transition. For example, at the Ioffe-
Regel limit where KFI =x, a vanishes at a value g= 3 at
the transition, in agreement with recent numerical calcu-
lation [21]. Equation (la), which was also used by other
authors, [22] when extrapolated [18,19] down to the tran-
sition yields a critical conductivity exponent p =1. When
interactions are included there are two possible ways to
extrapolate Eq. (la). For CI )0, the previous extrapola-

TABLE I. Material classification according to the critical
conductivity exponent p and the difference between atomic
numbers, hZ.

Material

tion remains valid and yields (as before) p=1. This is
consistent with one-parameter scaling approaches when

only the exchange interaction term is considered [8,
17-19]. When, however, CI (0 which occurs when the
Hartree terms are also included, the situation is compli-
cated. Castellani, Kotliar, and Lee [13] argued that in
this case one needs more than one variable in order to get
scaling equations. In this treatment, the exponent p de-
pends on other thermodynamic critical exponents such as
the specific heat and susceptibility.

We use instead [18,19] a self-consistent approach
which depends only on the correlation length g in the ab-
sence of interactions. Namely, g ~ with an exponent
v=1. This can be understood near the transition as fol-
lows. The term g a~[1 —CL/g (KFl) ] in Eq. (la) is re-
placed by ae /Ag (where a is a known constant [18,19])
yielding v=1. The second term agiCIi/(KFl) is re-
placed [18,19] by P/D(()g (P a known constant [18,19]).
This leads to

+=ac /hg+P/D(()g. (lb)

where the strength of the interaction is given by

F =(v(q)l/v(0) . (3)

Near the transition, where g ~, using the Einstein re-
lation cr=e D(()N(EF) yields o cx:1/g'~. Since the crit-
ical exponent of g is v=1 it leads to a conductivity ex-
ponent p =

2 .
Thus, the sign of CI may determine whether the criti-

cal conductivity exponent is p =1 (for CI )0) or p
(for CI (0). We show here that this classification is
indeed independent of the spin-orbit coupling as observed
experimentally. On the other hand, when a disordered
material becomes superconducting the effective electron-
electron interaction is increased due to fluctuations from
the normal to the superconducting state; the interaction
constant CI then depends crucially on the strength of the
spin-orbit coupling.

This explains why superconducting amorphous mix-
tures may belong simultaneously to two different classes
showing a critical exponent p= 2 for weak spin-orbit
coupling and p =1 for strong coupling.

The interaction constant CI may be written [17] as
CI =C,„,+CH„. „where C,„, is the contribution from the
exchange interaction and leads to a material-independent
constant C,„,=1. The Hartree term is opposite in sign
and depends on the density of states. This implies that
CH„, , must depend on the valley degeneracy N, , for un-
compensated doped semiconductors (N, , =6 for Si and
N, , =4 for Ge) and on N, =3 possible spin-independent
contributions. For strong spin-orbit coupling the spin de-
generacy is lifted and N, =l. For strong intervalley
scattering the degeneracy is lifted and N, , =1. The Har-
tree contribution to CI is given by [17,23,24]

CH„. , = ——„N,,N', F(F), ,
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For long-range electron-electron interactions, F« 1,
which leads to F«1. Thus, CH, , may dominate over

C„„,=I only when we have valley degeneracy. In this
case, ~CH„. , ( )C,„,even for N, =1. Thus, we predict that
the inequality CI (0 is independent of spin-orbit cou-
pling for all the uncompensated doped semiconductors.
Compensation introduces strong intervalley scattering
and causes N, , 1 which reverses the sign of CI to a pos-
itive value, resulting in a critical exponent p =1. When
N, . = I, ~CH„, ~

& C„„even for N, =3. Therefore, intro-
ducing strong spin-orbital coupling which reduced N, to
unity does not affect the sign of CI, which remains posi-
tive.

This implies that materials without valley degeneracy
correspond to CI )0 irrespective of the strength of spin-
orbit coupling. Indeed, all the nonsuperconducting amor-
phous materials belong to this class and show the same
critical exponent p =1. This results from the fact that
for all the amorphous metals and semiconductors
v(q)/v(0) decreases rapidly with q, resulting in a small
interaction F« I which leads to ~CH„. , ~

&& I and to Ct )0.
We now discuss what happens when the amorphous

mixtures become superconducting. There is much evi-

dence [25] that the effective electron-electron interaction
is largely increased. Measurements of the Landau-Baber
T contribution to the electrical resistivity of supercon-
ducting metals above T, show an enha. ncement [26] of a
few orders of magnitude. This was interpreted as due to
phonon mediation which exists even above T,. and in-

creases the effective electron-electron interaction. This
increase in v(q) in Eq. (3) arises for q = qD, where qD is

the Debye wave vector. Thus, the effective v(q) above T,
is not peaked around q=0 but rather around q =qo.
This leads to a new situation in which F may even be
larger than unity (which is impossible for a nonsupercon-
ducting material). In this case, the sign of Ct will depend

crucially on the strength of the spin-orbit coupling. For
weak spin-orbit coupling, N, =3 and CI (0 when F & 9,
which implies F & 0.95. Such a large F is impossible for
nonsuperconducting materials where F« 1. However, for
superconducting mixtures, when the conductivity is mea-

sured above T, , F may obey this inequality. For super-

conducting materials with strong spin-orbit coupling

N, =1 and CI (0 is reached only for F) —", which re-

quires F&&1 and is difficult to obtain. Thus, supercon-
ducting materials may show both classes of critical be-
havior; a critical exponent p = —' for materials with weak

spin-orbit coupling and p =1 for strong spin-orbit cou-

pling.
We now propose an experimental test of the above

classification of the critical behavior of superconducting
amorphous mixtures. For a mixture with weak spin-orbit
coupling, as is the case for Ga-Ar, Zint, Rohde, and
Micklitz [I] found a critical exponent tu

= —,
' . We pro-

pose to apply a magnetic field which will remove the su-

perconducting state. In this case, F is again reduced (as

in nonsuperconducting materials) and we expect the criti-
cal exponent to change from p =

2 to p =1.
In summary, we have shown that the metal-insulator

transition of amorphous superconducting mixtures may
show two types of critical behavior according to the
strength of the spin-orbit coupling. A strong magnetic
field will transform the critical behavior of superconduct-
ing mixtures with weak spin-orbit coupling (p = —, ) to
behave in the same way as for mixtures with strong spin-
orbit coupling (tu = I ).
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