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We have measured the resistance and magnetoresistance of Lai.85Sro. i5Cu04 with five different
impurities (Zn, Ni, Ga, Co, and Fe) substituted for Cu, down to 50mK, and in magnetic fields

up to 8T. The concentration 2:, at which superconductivity disappears is smaller than the concen-
tration xMi at which the metal-insulator (MI) transition occurs, leaving in each case a metallic,
nonsuperconducting region of concentration. We show that @MAL is determined by a superposition of
the impurity-induced disorder and the carrier concentration. x„on the other hand, is a function
of the effective local magnetic moment induced by the impurity. In the metallic specimens cr varies
with ~T up to a temperature T' which increases with the effective local magnetic moment induced

by the impurity, and for Fe reaches 70K. The magnetoresistance is negative except in the presence
of superconducting Auctuations. We conclude that these features are the result of the infiuence of
spin scattering on the electron-electron interactions. In strongly insulating specimens the resistivity
varies as p = po exp(To/T) i . We demonstrate that the behavior is consistent with variable-range

hopping in the presence of a Coulomb gap, and describe the conditions under which the exponent
may change to 1/4 in the vicinity of the Ml transition.

I. INTRODUCTION

In spite of the theoretical and experimental interest
in the metal-insulator (MI) transition there are surpris-
ingly few systems for which it has been studied in detail.
The reason is, in part, that it is necessary to go to low
temperatures, usually well below 1K, to determine the
value of the zero-temperature electrical conductivity, so
as to determine the metallic or insulating character of a
particular specimen. The determination is often compli-
cated by the intervention of superconductivity. At the
same time the relation of the disappearance of super-
conductivity to the presence of the MI transition is an
additional subject of special importance, where we have,
so far, only fragmentary evidence about the controlling
parameters.

In this paper we describe the MI transition in
Lai 85Sro i5Cu04 produced by the addition of five dif-
ferent impurities substituted for Cu. We examine the in-
Huence of the change in the carrier concentration, of the
disorder-induced electron localization, and of the mag-
netic scattering. In addition to the effect of these factors
on the MI transition we seek to determine their relation
to the disappearance of superconductivity.

In Laq 85Sro i5Cu04 all copper atoms are in copper-
oxide planes and the impurities are known to substitute
at the Cu sites. This relative simplicity of the struc-

ture of the "2-1-4" system makes it a model system for
studying the effect of impurities and, in particular, of
their magnetic moments, on high-T, superconductivity.

One of the most intriguing effects of the substitutions
is that both magnetic and nonmagnetic impurities induce
local magnetic moments in the Cu02 planes. s io This is
because nonmagnetic impurities, such as Zn or Ga, re-
move copper spins and so create spin vacancies.

Relatively small amounts of the impurities have a dras-
tic effect on the properties as they bring the material
rapidly to the MI transition and cause superconductiv-
ity to be suppressed. ' We show that the value of the
impurity concentration, xMi, at which the MI transition
takes place is larger than the value x, where supercon-
ductivity disappears, for all five impurities that we have
studied, so that there is in each case a metallic nonsuper-
conducting phase adjacent to the MI transition. We also
demonstrate that the value of xMi is determined by two
factors, namely the change in carrier concentration and
the impurity-induced disorder, while x, correlates with
the magnitude of the local magnetic moment. The de-
tailed examination of the change of conductivity, o., with
temperature and magnetic field shows that the spin scat-
tering affects the quantum corrections to the conductiv-
ity at low temperatures. This indicates the importance
of spin scattering, and confirms the conclusion that this
factor (rather than localization) is responsible for the de-
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struction of superconductivity. s We have also determined
that the value of the critical exponent with which the
normal-state conductivity goes to zero at xMq is equal to
0.92 6 0.1 for Fe and 0.7 + 0.1 for Zn impurities.

In addition the detailed examination of o (T) on the
insulating side of the MI transition leads to a bet-
ter understanding of the changes in the functional de-
pendence of this quantity as the MI transition is ap-
proached. Specifically we show under what conditions
a change in the exponential dependence of the resistiv-

ity, p = po exp (Ts/T)" from a value of the exponent y,

of 1/2 to the value 1/4 may be expected.
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II. EXPERIMENT

A. Sample preparation

We have made five series of polycrystalline samples of
the type Laq ssSro. qsCuq A 04, with A one of Fe, Co,
Ni, Zn, or Ga, by the solid-state reaction method, ~ with
concentrations x up to 6 at.% for Co, Ni, and Ga, up to
10 at.% for Fe, and up to 20 at.% for Zn.

The samples are consistent and reproducible, and x-
ray-diffraction analysis does not show any signs of other
phases. We have not measured the oxygen content, but
it has been shown that Zn can be substituted without
any change in the oxygen content s and there are strong
indications that this is the case for the other impurities
also. Hall-effect data for our samples~~ indicate a reduc-
tion of the carrier concentration which is consistent with
the valence of the impurities rather than with a change
of oxygen content. Some of these samples have also been
used in studies of the susceptibilitys and of electron spin
resonance.

B. Conductivity measurements
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FIG. 1. The temperature dependence of the normalized
resistivity for samples with various amounts of Fe (in at.%):
1—0'%%uo, 2-0.4%, 3—0.8'%%uo, 4-1.5%, 5—1.8'%%uo, 6-2.4'%%uo, 7—3'%%uo, 8—4%,
9-10%.

trate the decrease in the superconducting transition tem-
perature T, with impurity concentration x, and the ac-
companying change in the character of the normal-state
electrical transport as the linear p(T) in the pure par-
ent material gives way to the upturn at low T which is
characteristic of electron localization.

Figure 3 shows the dependence of p(297K) on x, indi-

cating a linear change up to about 4 at.% for all impuri-
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The samples are between 1 and 2 cm long, with a cross-
sectional area of the order of several mmz. Four indium
strips are cold pressed to each sample for four-terminal
resistance measurements.

The resistance of most of the samples was measured
from 3K to room temperature in a conventional cryostat,
and from 50mK to 1K in a dilution refrigerator. Some

of the samples were also measured in magnetic fields up
to ST.

Many precautions were taken to ensure the reliabil-

ity of the measurements in the dilution refrigerator.
I-V measurements were made at each temperature so
as to check for heating and other sources of nonlinearity.
An extensive series of tests showed that the temperature
measurements were reliable down to 50 mK.
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III. EXPERIMENTAL RESULTS

Figures 1 and 2 show the normalized resistivity
p(T)/p(297) as a function of temperature from room tem-
perature (297K) to 3K for the specimens substituted
with Fe and Co. These figures are qualitatively similar
to those with Ga, Zn, and Ni impurities. ~ ~s They illus-
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FIG. 2. The temperature dependence of the normalized
resistivity for samples with various amounts of Co (in at.%%uo):

1—0'%%uo, 2&.4%%uo, 3—0.8'%%uo, 4—1.5%, 5—1.8%%uo, 6—2.4%%uo, 7—
3%%uo, 8&%
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FIG. 3. The room-temperature resistivity, p(297 K), as a
function of the impurity concentration 2: for the five impuri-
ties.

ties, followed by a dramatic increase for Fe, Co, and Ga.
This difference in the p dependence of z correlates with
the nominal valence of the impurity, 3+ for Fe, Co, and
Ga impurities, and 2+ for Zn and Ni. The trivalent im-
purities reduce the number of the free carriers (holes) and
so affect the resistivity more strongly than the divalent
impurities.

For all samples with small impurity contents, x
4 at.%, the high-temperature resistivity data in the re-
gion 200—300 K may be fitted with the linear function

p = p(OK) + (dp/dT)T. The dependence of p(OK) and
dp/dT on z is shown in Fig. 4. It is seen that p(OK)
increases linearly with the impurity content for all of the
impurities. The slope, however, increases linearly with
2: only for the trivalent impurities, and is approximately
constant for the divalent ones.

In Fig. 5 we show the behavior down to 50mK for
a series of 14 representative specimens, illustrating the
progression from superconducting to insulating behavior.
The arrow indicates the resistivity pM corresponding to
the estimate of the Mott minimum metallic conductivity
where the MI transition may be expected. If we assume
that superconductivity in our specimens is largely two-
dimensional we can use os O. les/5 = 3.9 x 10 s 0
For a random mixture of 2D crystallites we then have
osD = o D/2d, where we use for d the distance between
Cu02 planes, so that pM = (o~ ) = 3.3 x 10 Acm.

We may divide the specimens into three groups. Spec-
imens 1—4 follow the relation p = po exp(To/T) ~/s at low
temperatures and are clearly insulating.

For the next group of specimens (5—9) the T depen-
dence of p becomes slower below 1 K. We replot the data
on Figs. 6(a) and 6(b) against T ~~4. The relation

FEG. 4. Between 200 and 300K the resistivity varies lin-

early with T, p = pp + (dp/dT)T. (a) pp vs z and (b) dp/dT
vs 2: for the five impurities.
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FIG. 5, The resistivity as a function of T ' for a series
of specimens (in at. %): 1—Fe 10%, 2—Ga 10%, 3—Zn 20%,
4—Co 6%, 5—Zn 12%, 7—Ga 4/0, 8—Fe 4%, 9—Ga 3.470,
10—Fe 3/o, 11—Fe 2.7%%up, 12—Co 3%, 13—Zn 3.7/0, 14—Ga
2.5%, 15—Fe 1.5%. (The curve for sample 6, Ni 6%, is close
to that of sample 5 and is not shown. )

p = po exp(To/T)~/4 has been widely quoted as being
observed in insulating specimens. We see that it is fol-
lowed in specimens 5 and 6 below 1K and perhaps in
specimens 7, 8, and 9 for an even more limited tempera-
ture range. We will assume that p continues to increase
as T decreases toward zero, so that these specimens are
on the insulating side of the MI transition.

Finally, specimens 10—15 exhibit a normal-state con-
ductivity which is different from zero as T goes to zero
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so that they are metallic. In Figs. 7(a)—7(e) we plot o.

against ~T. We see that the relation o = o'o + m~T is
followed at low T for the specimens which are metallic
but not superconducting. The upturn at the lowest T for

&000

4X

FIG. 6. The resistivity as a function of T for several
specimens close to the MI transition (in at. %). (s): 5—Zn
12%, 6—Ni 6%; (b): 7—Gs 4%, 8—Fe 4%, snd 9—Gs 3.4%.

the higher values of oo indicates superconducting fluctu-
ations. We have shown that they can be suppressed by
a magnetic Md.

It may be seen that the temperature range for which
the ~T dependence is followed varies with the type of im-
purity. It is small (up to 1.5 K) for Zn and Ni, somewhat
larger (up to about 2.2 K) for Ga and Co, and unexpect-
edly large (up to about 70K) for Fe. The slope m varies
with the type of impurity and also with the impurity
concentration.

Figures 8(a)—8(d) show p(H)/p(0) against magnetic
field H for several specimens with Fe, Ni, Zn, and Ga im-
purities. We see that the magnetoresistance is positive
for the lower concentrations, indicative of the gradual
suppression of superconducting fiuctuations by the mag-
netic field. For higher values of z, when superconducting
fiuctuations are small or absent, the magnetoresistance
is negative.

In order to gain more precise information about the
value zMi of the concentration at which the MI transi-
tion takes place, we have extrapolated the normal-state
conductivity to the value crw at H = 0 and T = 0 for
each metallic specimen. In Fig. 9 we show the values of
ooo as a function of x. For the samples with zinc and
iron impurity there are sufficient data to attempt to de-
termine the functional dependence of oI on z. As shown
in Fig. 9 the Fe data are consistent with a linear fit, while
a nonlinear fit is better for the Zn data. We return to
this question later in the section on the critical exponent.

For both these impurities the concentration zMi at the
MI transition is considerably larger than the value xo
where T, goes to zero. This is also the case for the re-
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FIG. 7. The conductivity vs ~T for five series of samples
each with s different impurity: (s) Ni, (b) Co, (c) Gs, (d) Zn,
snd (e) Fe.

FIG. 8. The msgnetoresistsnce p(H)/p(0) at 100mK as
a function of the magnetic field for samples with various im-

purities: (s) Ni, (b) Fe, (c) Zn, snd (d) Gs.
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TABLE I. The efI'ect of various impurities on several prop-
erties. An/n is the change of carrier concentration from Ref.
11, p,g is the effective magnetic moment from Ref. 9, x, is
the critical concentration at which T, goes to zero, and xMq

is the concentration at the MI transition.

Do 100-

400-
An n

per at.% Jeff Xg &MI

An n
at 2:Ml

0
0

x(at. %)

5

200-

0
0 10

x(at. %)

15

Impurity

Fe +(3d )
Co +(3d )
Ni +(3d )
Z„2+ (3d~o)
Ga3+(3dio)

(%)
—11.1
—11.8
—4.7
+4.5
—8.4

4.9
1.2
0.7
1.1
1.1

1.8
2.65

2.85
2.5

3.6
3.4

4.85
10.4
3.45

—40
—40
—23
+47
—29

(/LB ) (at.%) (at.%) (%)

FIG. 9. @00, the normal-state conductivity extrapolated
to T = Oand 0 = 0, as a function ofx for the five different im-

purities. The points for the Zn system with 2: = 2.7, 2.9, 4, and
6 at.% have been obtained without the application of the mag-
netic field, i.e. , by the extrapolation of the high-temperature
values of conductivity vs v T to T = 0.

maining impurities, Co, Ni, and Ga, for which we obtain
an approximate value for xMq by assuming a linear de-
pendence of 0'so on x. In each case, therefore, there is
a range of concentrations for which the specimens are
metallic but not superconducting (see Table I).

IV. DISCUSSION

A. Metallic side of the MI transition

1. What dH ves the metal-insulator transitions

In this section we discuss the changes in the metallic
specimens, brought about by the addition of impurities,
which cause the material to lose its metallic character,
and eventually to become an insulator at the concentra-
tion xMy.

The most obvious effect on the MI transition is that of
the charge-carrier concentration n. Our knowledge about
n comes from measurements of the Hall effect. ~~ The
interpretation of Hall-effect measurements in the per-
ovskites is beset by a number of obscure factors, chief
among which is the strong temperature dependence of
the Hall coefficient RH. Until this feature is understood
and related questions are resolved, deductions made from
the Hall effect must be viewed with caution. With this
proviso we proceed nevertheless to extract information
from the Hall-effect data about the changes in carrier
concentration, Ln, with changes in 2:.

We gain confidence from the decrease in the tempera-
ture dependence of AH as T decreases, and use the values
of R~ at 80K, where the T dependence is quite weak.
The changes 6n/n per percent of impurity, are listed
in Table I. We note that An correlates at least partly
with the nominal valence of the added impurities. The
trivalent impurities Fe, Co, and Ga have similar effects
as they add electrons and so reduce the number of holes.
The nominally divalent impurities Ni and Zn also afFect

n, although less so, and do so in opposite directions, with

Zn increasing and Ni decreasing the carrier concentra-
tion. This difference in An/n for the trivalent and the
divalent impurities accounts well for the differences in the
dependence of the resistivity slope on z, as shown in Fig.
4(b).

Table I also shows p,g, the effective local magnetic
moment per impurity atom, from Ref. 9, z„ the concen-
tration for which T, goes to zero, xMq from Fig. 9, and
An/n at zMq. For Zn the Hall-efFect data of Ref. 11 go
only up to 3.7 at.%, and the value at xMq was found by
linear extrapolation.

We see from the table that x„while it is always smaller
than xMq, does not seem to have any obvious relation to
zMg. On the other hand it does correlate with p,g, as
already noted in Ref. 9.

There is a significant correlation between xM~ and

An/n, which becomes apparent in Fig. 10, where we

show the last column of Table I (6 /nn at xM~) as a
function of xMy. Each point on this plot represents one
impurity species. For example, the point for Zn is at its
value of xMq of 10.4 at.%. For this impurity content the
carrier concentration is about 47% higher than in pure

La&.as Sro psCu04. It is the only point for which An/n is

positive. The other impurities each decrease the carrier

100

0—

Co

—100
0 5 t0

FIG. 10. b,n/n at the MI transition as a function of the

concentration 2:My at which the MI transition takes place.
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concentration, with Fe, Co, and Ga having the largest
effect, and Ni somewhat less.

The line in Fig. 10 is drawn to guide the eye, with the
constraint that it pass through h, n/n = —100% at xM1 =
0. It represents, roughly and within the uncertainties of
this discussion, the interplay of the two factors which
we see as superposing to cause the MI transition. First
there is the change in carrier concentration, deduced from
the Hall-effect data, second the disorder caused by the
impurity, which we assume, in this approximation, to
be the same for a given value of x, independent of the
impurity species.

The line passes through the value b,n/n = 0 at about
x = 6 at.%. This point indicates that in the absence of
any change in carrier concentration the amount of dis-
order produced by about 6 at.% of (any) impurity gives
rise to a disorder-induced MI transition.

If the carrier concentration is increased, as by the ad-
dition of Zn, a larger amount of disorder, i.e. , a larger
value of x, is required to reach the MI transition. Con-
versely, a decrease in carrier concentration brings the
material closer to the MI transition, which then occurs
with a smaller amount of disorder, i.e. , with a smaller
amount of impurity. Finally, the total absence of carriers,
at An/n = —100%, implies the absence of any metallic
character, so that no disorder is required, in addition, to
reach the MI transition, and xM1 must then be zero.

The line is seen (with all the caution suggested ear-
lier) to represent the superposition of the two factors, the
disorder and the change in carrier concentration, which
together give rise to the transition from the metallic to
the insulating state.

8. Temperature dependence of the conductivity

The relation o = oo + m~T is in accord with
theoretical predictions for disordered metals where
the conductivity is determined by electron-electron
interactions. ~4 It is also in accord with observations on
many other systems, including semiconductors and gran-
ular metal$15 —19

In the present case it is followed at low temperatures
by all the metallic, nonsuperconducting specimens, but
with widely different values of the slope m and up to
widely different temperatures T'. The values of m, oc,
and T' are given in Table II for a series of specimens
with Fe substitution, and for one specimen from each of
the other series, chosen so as to be on the metallic side,
but close to the MI transition.

The first important feature evident from the table as
well as from Fig. 7 is the sign of the slope m, which is
positive for all impurities and for all values of x, no mat-
ter how far from the MI transition a given specimen may
be. This feature distinguishes the present system from
semiconducting materials such as Si:P, Si:B, or Ge:Sb,
for which the slope m becomes positive only in the im-
mediate vicinity of the MI transition.

The table shows further that the specimens fall into
three groups, first Zn and Ni, then Co and Ga, and fi-
nally Fe, with progressively decreasing values of m near

TABLE II. The parameters of the conductivity law,
o = op'+ m~T, which holds up to temperature T'. T;
is the temperature of the resistivity minimum.

Sample
z (at.%)

Zn 10.0
Ni 4.8
Co 3.0
Ga 3.4
Fe 1.5
Fe 1.8
Fe 2.4
Fe 2.7
Fe 3.0
Fe 4.0

[(Qcm) 'I

88+ 10
12+2

130+ 15
2+1

280 6 30
230 6 25
150+ 15
115+10
68+7

0

[(AcmK'~2) ']
176
154
97
84
100
65
67
56
50
50

T'
(K)

1
1

2.2
2.2
49
55
67
70
71
72

Tmin

(K)

66 6 2.5
78.5 + 3.0
94.5 + 5
80 6 2.5
91 6 2.5
100 6 2.5

107.5 + 3.5
108 6 3.5
128+5

400—

200—

0
0

T1/2(K~/2)

10

FIG. 11. The conductivity as a function of ~T for three
samples close to the MI transition.

xMq, and increasing values of T'. The differences be-
tween these groups are illustrated in Fig. 11 where we
show the variation of o with ~T for one sample from
each group, each with a small value of o.o. In addition to
the large changes between the three groups, the series of
six Fe samples shows an increase in T' and a correspond-
ing decrease in rn as oo decreases and the MI transition
is approached.

These differences are correlated with the values of T;„,
the temperature where the resistivity has a minimum as
a function of T. The values of T~;„ for some of the spec-
imens are listed in Table II. In Fig. 12 we plot the de-
pendence of T;„on the "distance" to the MI transition
defined as (xM1 —x)/xM1. Close to the MI transition,
i.e. , for (xM1 —z)/xM1 ( 0.4, the three groups of impuri-
ties, that is Zn and Ni, then Co and Ga, and finally Fe,
are seen to have progressively increasing values of T;„
at the same value of (xM1 —x)/xM1. For larger values
of (xM1 —x)/xM1 the points for the Zn system do not
continue to follow the line for Ni. Instead the points for
the Zn system seem to crossover to the group which con-
tains Ga and Co impurities. This peculiarity of the Zn-
doped system seems to be an intrinsic property and not
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FIG. 12. The variation of T;„,the temperature at which
the resistivity has a minimum as a function of T, with the
distance to the MI transition (xMi —2:) / xMi, for various im-
purities. The lines are guides to the eye.

related to any structural inhomogeneities of the samples.
We have analyzed the x-ray-diffraction patterns for all
specimens with Zn and found that the lattice parameters
change continuously with the addition of the impurity,
indicating that the zinc is indeed incorporated uniformly
into the sample.

The temperature T;„represents a crossover tempera-
ture below which the electrical transport is dominated by
the disorder-induced effects and is therefore a measure of
the importance of these effects in the different specimens.

The fact that the three quantities m, T', and T;„are
closely correlated demonstrates that each of them de-
pends on the strength of the localization and interaction
efFects. The smallest efFect is seen for the divalent impuri-
ties Zn and Ni, a larger efFect for the trivalent impurities
Co and Ga, and the largest effect for Fe. In particular we
note that the temperature T' of about 70 K, up to which
the y T dependence is observed in the Fe specimens, is
unusually large.

The increase of T' and the decrease of m and op with
the addition of Fe impurities suggest that these features
are the result of the increased spin scattering caused by
the presence of the iron. More precisely, we conclude
that these features arise from the influence of the spin
scattering on the electron-electron interactions. Strong
spin scattering is expected to suppress the triplet chan-
nel in the particle-hole scattering amplitude, and so to
lead to a decrease of o.o. The positive slope m is then ex-
pected even for small impurity contents. We know of
no other disorder-induced scattering process which would
affect the conductivity in this way.

The impurity-induced suppression of cro is similar to
the effect of an external magnetic field on the ~T depen-
dence of the conductivity in other disordered systems,
such as Si:P,~5 Si:B,~T and granular aluminum. ~s In those
cases it is the external magnetic Geld which is responsible
for the suppression of the triplet channel in the particle-
hole scattering amplitude.

We can estimate the spin scattering rate in our samples

from the value of T;„,since for all temperatures below
T;„the triplet-channel suppression should be effective,
so that at T~;„, h/7; k~T;„For the 4%%uo Fe sample
with T;„130Kwe find w, 6 x 10 4s. For the
other Fe samples T;„ is somewhat smaller leading to
larger values of ~, .

For other impurities T;„ is considerably smaller. In
addition, the conductivity is strictly linear versus ~T
only up to the temperature T', with T* (( T~;„(see
Table II). These facts indicate that the spin scattering
rate induced by the other impurities is smaller than for
Fe, in keeping with the smaller values of the effective
magnetic moments (Table I). Nevertheless, the positive
values of the slope m indicate that the spin scattering
afFects the conductivity in these cases also.

The effect of spin scattering may difFer between the
impurities even when their efFective magnetic moments
are equal, because of their different effect on the carrier
concentration. Since this difference affects the position
of the Fermi level with respect to the mobility edge it is
also going to affect the electron-electron interactions in
the disordered system. In particular, the samples with
Zn display much lower T;„than those with Co or Ga at
the same value of x, even though their effective magnetic
moment is the same. This result is presumably related to
the increase of the number of carriers in the Zn system,
as compared to the decrease in the Co and Ga systems.

Other effeets may also contribute to the difference in
the low-T conductivity between the various impurities.
These may include, e.g. , the inhomogeneous spin local-
ization, as observed in the Si:P system, the formation
of impurity-related defects, as proposed by Finkel'stein
et aL for the Zn-doped (La-Sr)Cu04 system, s and the
formation of spin polarons, as observed in some mag-
netic semiconductors. is s4 The detailed explanation of
the trends which we observe may only be possible after
unraveling the microscopic local effect of each impurity.

8. Critical exponent

For the two impurity species, Fe and Zn, we can charac-
terize the approach to the MI transition from the metallic
side by fitting the data to the expression

op ——A (zMi —z)".

For the Fe system we obtain the parameters A = 375 +
25 (0 cm) i, xMi = 3.660.1 at. %%uo, an d v =0.92+0.l, and
for the Zn system A = 840+100 (Acm) i, xMi = 10.4+
0.1 at. %%uo, an d v =0.7 +0.1. Figure 13 is a log-lo ggraph
of o'pp as a function of (2:Mr —x)/SMi, together with the
best-Gtting straight One. Despite the large uneertainities
of the parameters there is little doubt that the critical
exponent for the Fe system is close to one. This value
of the exponent is in accord with the prediction of the
scaling theory for the MI transition driven by long-range
interactions in the presence of spin-flip scattering.

As seen in Fig. 13 the determination of v for the Zn
system relies most heavily on one data point, for 10 at.%,
and therefore the value of the critical exponent, v = 0.7,
is less reliable than for the Fe system. We would like to
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FIG. 13. o'oo as a function of (@Mr —2') / 2lMr for Fe and Zn
impurities. The slope of the straight lines is equal to 0.92+0.1
and 0.7 6 0.1 for Fe and Zn, respectively.

point out, however, that the observed reduction of the
critical exponent from 1 is not unreasonable. A change
of the critical exponent from the value of 0.65 to 1 in
the presence of a magnetic field was recently observed for
Si:B.~r It is possible that in the present case the reduction
of v is the result of a smaller spin scattering rate in Zn-
doped specimens.

g. Magnetoreai stance

Depending on the impurity content we observe either
a positive or a negative magnetoresistance (MR) [Figs.
8(a)—8(d)]. A positive MR is present only in the samples
which are close to the superconducting transition. This
is best seen in the Zn-doped system, where the differ-
ence between x, and @Mr is largest. On the metallic side
of the transition, sufficiently far from the superconduct-
ing phase, the MR is negative. We therefore associate
the positive MR with superconducting fluctuations. We
have been unable to describe the field dependence of MR
with the standard fiuctuation theories. 2s This is not un-
reasonable since the transition width in our samples is of
the order of 1K, while the measurements are performed
at temperatures near 100 mK.

According to the theory of localization and electron-
electron interactions a magnetic field produces several
effects. One is the antilocalization from the suppression
of the coherent backscattering, which leads to a nega-
tive MR. The others, which lead to positive MR, are
the suppression of the triplet channel in the electron-hole
scattering from Zeeman splitting, and the field-induced
change in the electron-electron scattering. We do not ob-
serve any positive MR, indicating that the effects related
to Zeeman splitting are absent. The reason is presum-
ably that for the Zeeman efFect to be effective here, the
magnetic-field effect would have to be larger than kIBT
and also larger than the effect of the spin scattering, i.e.,
we would have to have gpgB ) k~T and gpgB & h;~,
For gp~B/h to be larger than 6 x 10 s the field would

30

U
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o 0.5T
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a 2QOmK

~ 100mK
o 70mK

I

0.2

Tl/2(K1/2)

0.4 10

FIG. 14. (a) The conductivity of the 4 at. % Fe sample vs
v T' in magnetic fields of 0.5, 5, and 8T. The straight lines
extrapolate to op & 0 for 0.5T, and to op & 0 for 5 and 8T.
(b) The variation of the conductivity of the 4 at. % Fe sample
with field for various temperatures. Above 1 T the data follow
straight lines.

have to be larger than 100T. Similar conditions apply to
the positive MR from electron-electron scattering.

A positive MR is more likely to be observed in sam-
ples with small spin scattering and hence with a small
value of Tm;„. This may indeed be the origin of the
"anomalous behavior" recently described by Jing et al.
in Bi2Sr2Cu0s crystals. They observed a negative MR
changing to positive at a temperature of about 2 K, which
is close to their T;„.On the other hand, Preyer et aL "
observed negative MR in a Lai.ssSrp p&Cu04 crystal with
a large value of T;„( 100K).

The negative MR which we observe is probably not the
result of the suppression of coherent backscattering since
in our case backscattering is already suppressed at zero
field by the the large spin scattering. It is more likely to
be caused by the suppression of the spin disorder by the
magnetic field as in spin glasses. 2s Another example of
the suppression of the spin disorder by a magnetic field,
leading to a negative MR, has been observed in the mag-
netic semiconductors Gds V, S4,24 Cdq, Mn Se, and
Hgi Mn Te.is In these cases the bound magnetic po-
larons are centers of spin disorder scattering and the
field-induced ordering of the polaron magnetic moments
results in the negative MR. It is possible that a similar
mechanism exists in the high-T, oxides as recently pro-
posed by Dietl.

A negative MR implies the possibility of a field-induced
transition from the insulating state to the metallic state.
Figure 14(a) shows data for the 4 at. % Fe sample, which
from all indications is insulating in zero field (see Fig.
9). Extrapolation of the curves of o' against ~T leads
to zero-temperature values which are negative in a small
field (0.5T) and positive in larger fields. The field de-
pendence is shown in Fig. 14(b). We see that above 1T
the conductivity increases linearly with the field. Simi-
lar field-induced insulator-to-metal transitions have also
been observed in magnetic semiconductors. ~s 24
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5'. The destruction of superconductivity

The fact that x, is smaller than xMp, and apparently
uncorrelated with it, leads us to conclude that the MI
transition and the disappearance of superconductivity
are the result of diferent factors. The correlation of x,
and p,g suggests, as noted earlier, that the local mag-
netic moments in the CuOz plane are primarily responsi-
ble for the destruction of superconductivity. The local
magnetic moments also acct the temperature depen-
dence of the conductivity via the influence of the spin
scattering on the quantum corrections to the conductiv-
ity. The carrier concentration, on the other hand, which
has a major effect on o (T), does not seem to have any in-
fluence on the superconductivity. These trends are illus-
trated in Fig. 15 where we show the correlation between
p,g and the suppression of superconductivity as mea-
sured by 1/z„which is approximately equal to AT, /Az.
We also show the correlation between p,g and the value
of T;„measured at x, . For all impurities with the ex-
ception of Zn the T~;„dependence mimics that of 1/z, .
In the case of Zn, as was discussed before, the increase in
the carrier concentration weakens the effect of disorder
on the conductivity. On the other hand, superconduc-
tivity is suppressed with Zn just as fast as with other
impurities whose p,g is similar.

Note that the dependence of 1/z, on p,g does not
agree with the formula of Abrikosov and Gor'kov for
the effect of magnetic impurities on superconductivity, sP

1/z, ~ J2p, &, where J is the exchange integral between
the free carriers and the impurities. In the present case
1/z, saturates for large p, tf instead of increasing with

p,&. This is not surprising since the interaction between
the magnetic moments in the CuOz plane must be ex-
pected to have a strong effect on the magnetic-moment-
induced pair breaking. In addition J may depend on the
particular kind of impurity.

Finally we would like to comment on how the rela-
tion between superconductivity and the MI transition ob-
served in the the present case compares with others which
have been investigated in detail. These include granular

U 100
X

o Zn
+ Ni
& {=ci
a {:g
~ Fe

QO

aluminum, where magnetic moments and changes in car-
rier concentration do not play any role, so that there is
a pure disorder-induced 3D transition as the grain sep-
aration is changed. The experiments show that in this
case superconductivity is suppressed by the vicinity of the
MI transition, leaving an intermediate metallic but non-
superconducting range of composition. This seems
also to be the case in all other 3D systems where the MI
transition results from disorder on the atomic scale. ss ss

In granular Al-Ge, on the other hand, where the
scale of the disorder is of the order of 150—200 A, an
insulator-to-superconductor transition without an inter-
mediate metallic phase is observed Ms7.

The two-dimensional case is inherently different. Re-
cent experiments on thin alms condensed at low temper-
ature show that here superconductivity persists right up
to the MI transition.

The present study indicates that impurities substituted
for Cu in the Cu02 plane in this and therefore presum-
ably also in other perovskites suppress superconductivity
through their local moments before the increasing elec-
tron localization near the MI transition can make itself
felt. It is possible to introduce disorder by other means
than by impurities, but any vacancies or displaced ions
will lead to an unbalance in the Cu02 plane and hence
presumably also to local magnetic moments.

B. Insulating side of the MI transition

In this section we discuss the temperature dependence
of the resistivity which we observe in the insulating spec-
imens as shown in Figs. 5 and 6.

The relation

p = pp exp(Tp/T) ~,

which is followed by specimens 1—4, has been observed in

many disordered insulating systems. The most convinc-

ing explanation is that of Shklovskii and Efros4P in terms
of variable-range hopping in the presence of a Coulomb

gap.
According to Shklovskii and Efros a Coulomb gap 6

opens up in the density of states at the Fermi level as
a result of electron-electron interactions. The parameter
Tp is related to the localization length ( and the dielectric
constant r. by

2.8e2
k@TO

4vre, r
The most probable hopping distance is

R = 0.5((Tp/T) i,
and the corresponding energy is

0
0

I

2

Pe;t (P p)

W = k~T —= 0.5k~(TpT)'~ . (5)

FIG. 15. 1/x, and T;„at x, as a function of p,s. x,
is the concentration where T, goes to zero, so that 1/x, is

approximately proportional to the decrease of T, with x.

The Coulomb gap can be used to describe the exper-
imental data only when the hopping process is not de-
stroyed by thermal fluctuations, so that for Eq. (2) to be
appropriate it is necessary to have TV & kBT. On the
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p = p«xp(&0/&)

with

18

N(Eg)P '

(6)

(7)

where N(E~) is the one-electron density of states at the
Fermi energy. For this case the optimum hopping dis-
tance is

R = 0 4((T0/T) I . (8)

An additional requirement which must be fulfilled in
either case is R & ( so that if the Coulomb gap is to be
effective we must have

0.5(T()/T) ii & 1,

and in the Mott case

0.4(ver)'~' & 1.

(9)

Table III shows the parameter Tp or Tz for the relevant
hopping process (column 4), and the temperature range
for which the process is observed (column 5), for a series
of samples. The resistivity of samples 1—4 follows the
T i~z law, while samples 5 and 6 can be described by
the T ~ law below about 1K.

The values of R/( calculated from Eqs. (4) or (8) at the
maximum temperature at which the hopping is observed
are listed in column 6. It can be seen that the condition
R/( & 1 is fulfilled for samples 1—6. For samples 7—9 this
is not the case, indicating that the T ~4 hopping can
be expected to be appropriate only for the lower part of
the temperature range, i.e. , approximately below 0.1K
(if at all). In fact, based on our estimate of xMi from the
dependence of croo on 2:, sample 8 is just barely insulating

other hand, the Coulomb gap will be irrelevant if it is
smaller than W, so that we must also have W ( h.

For hopping energies larger than 6 the electron-
electron interactions should have no effect, and we may
expect the Mott variable hopping law to be followed,
l.e. )

whereas sample 9 is barely metallic.
We may now examine the other hopping relations and

criteria in order to gain further insight into the approach
to the MI transition. For this purpose it would be par-
ticularly useful to know the localization length (, which
diverges at the MI transition. This task is made more
complicated by the fact that g occurs only in combina-
tions with other parameters whose magnitude and be-
havior are not well known.

For samples 5—9 Eq. (7) leads to (N ~ (column 7).
In the absence of other information on the density of
states we assume a range of 1—10 states/eV cell as found
for Laz, Sri, Cu04 from measurements of the heat
capacity42 and susceptibility. 4s The resulting range of
values of ( is listed in the last column of Table III. The
large values are consistent with our knowledge that these
samples are close to the MI transition. For the more in-
sulating samples 1—4 Eq. (3) leads to the values of r(
listed in column 8.

We can now estimate the lower limit for 6 from the
criterion that it must be at least as large as the optimal
hopping energy [from Eq. (5)j at the highest temperature
where the T i~z law is observed. The resulting values of

;„are shown in column 9.
Additional information on b. comes from the fact that

at the energy E = b the density of states is equal to its
value in the absence of electron-electron interactions. 40

It follows that N(h. ) = Adzes, where A is a nu-
merical coefficient. 44 Assuming again that N ~ 1—10
states/eVcell we find Ars~ to be in the range 4—12eV.

The values for 6;„then lead to maximum values for
~, which are shown in column 10. The values are seen to
increase rapidly, again consistent with the approach to
the MI transition, where z also diverges.

Finally we may combine r~~„with r( to get lower
limits on ( for samples 1—4 as shown in the last column
of Table III.

In spite of the uncertainties we can now follow the ap-
proach to the MI transition quite clearly and consistently.
For samples sufficiently far on the insulating side of the
transition the Coulomb gap dominates the hopping pro-
cess and the T i~z law is observed.

TABLE III. The parameters of the hopping process for a series of samples. p (column 3) is the hopping exponent and T range (column 5)
refers to the temperature range in which the relevant process is observed. The quantities listed in the other columns are defined in the text.

1
Sample

No.

2

(at.%)

Fe 10

Ga 10

Zn 20

Co 6

Zn12

Ni 6

Ga 4

Fe 4

Ga 3.4

Tp or Tp
(K)

260 + 30

150 6 15

23 + 2.5

9+1
187+ 50

94+ 30

3.5+ 2

0.9 6 0.7

2.5 + 0.2

5
T range

3.5—8

1 203

0.1—1

0.1—1

0.1—1

0.1—1

0.05—0.25

0.05—0.25

0.05—0.25

6
R/(

at Tmg~

2.85

4.04

2.4

1.5

1.5 + 0.1

1.3 6 0.1

0.8 + 0.2

0.6 6 0.2

0.7 + 0.2

7
(N~/3

(ev '")

9.6—11.6

11.9—14.9

33.3-50.8

50.8—102

35.0—59.5

8

(A)

1800

3050

20300

50210

9
+min
(meV)

0.8

0.21

0.13

10

&max

160-340

290-625

713-1525

1070-2100

11

(A)

5—11

5—11

13-29

24-47

55-142

68-183

190-620

290-1250

200-730
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As the MI transition is approached the Coulomb inter-
action becomes screened and the Coulomb gap decreases
and eventually disappears. There may now be a region
of concentration which is still on the insulating side, but
where the hopping process is no longer determined by the
Coulomb gap so that Mott variable-range hopping takes
over and the T ~ law is observed.

For the T ~ law to be observed we must have R ) (.
Since R/( increases with decreasing T this will occur only
at suKciently low T.

For a given 6 there may also be a transition from
T i~4 to T i~~ behavior as a function of temperature
depending on whether W is, according to Eq. (5), larger
or smaller than b, . This crossover has been observed by
Zhang et aL4s in compensated n-CdSe, although they
find a numerical discrepancy between the observed and
the expected crossover temperature. Other systems in
which a transition from T i~~ to T i~4 has been ob-
served are granular palladium4s and Ag-Ge films. 47

Our results are consistent with those of Ellman et at. ,
s

who observe the two difFerent exponents in two specimens
of La2 Sr,Cu04, one for 2: = 0.02 for which the T
law is observed, the other for 2: = 0.05, for which the
T i~4 law is followed.

Finally we would like to point out that the screening of
the Coulomb interaction is not the only possible expla-
nation of the transition from a T 'l' to a T-'l4 hop-ping
law. An alternative explanation has been proposed for
the case of the magnetic semiconductor Cdi, Mn Se,4s

based on the scaling theory of the electron-electron in-
teractions by Finkel'stein. 0 The theory predicts that the
single-particle density of states [from Eq. (7)] vanishes
at the MI transition as a power law. As a consequence
a hopping law with an exponent close to 1/4 may be ob-
tained, with kT& different from Eq. (7) in that it is pro-
portional to ( s~(8+i&, where the exponent e depends
on the universality class of the MI transition. We have
too few samples where we observe the T ~ law to test
this prediction or to establish the value of O. further
work will be necessary to study this question.

V. CONCLUSIONS

We have shown that the substitution of other elements
for Cu in Lai ssSro isCu04 leads to a metal-insulator
transition by the superposition of two factors, namely the
change in carrier concentration and the impurity-induced
disorder. (See Fig. 10). For each impurity species super-
conductivity disappears at a concentration 2:„which is
smaller than the concentration xMy at the MI transition,
leaving a range of concentrations where the specimens
are metallic but nonsuperconducting. The critical expo-

nent for the conductivity is close to one for the Fe system
and is 0.7 for the Zn system.

Each of the impurities is associated with an eKective
local magnetic moment whose magnitude is correlated
with the supression of superconductivity. The correlation
is not, however, that expected from the pair breaking
of isolated magnetic moments and indicates, rather, the
importance of cooperative magnetic interactions.

In the metallic specimens the conductivity increases as
~T at low temperatures. The magnitude of the slope and
the temperature to which this variation persists increase
strongly with the magnitude of the efFective magnetic
moment. With iron impurity the y T behavior continues
up to the surprisingly large value of 70 K. We conclude
that spin scattering plays a major role in determining
o (T) through its effect on the quantum corrections to
the conductivity. The presence and importance of spin
scattering support the indications that this feature is also
responsible for the destruction of superconductivity.

All specimens exhibit a negative magnetoresistance
(MR) except in the vicinity of the superconducting tran-
sition where we see the positive MR associated with the
destruction of superconductivity by the magnetic field.
We observe a field-induced insulator-to-metal transition
in a specimen (4 'Fo Fe) which is just barely on the insu-
lating side of the transition in the absence of a magnetic
field. We ascribe the negative MR and the IM transi-
tion to the suppression of spin scattering by the magnetic
field.

In previous studies the temperature dependence of the
resistivity of many kinds of disordered insulators has been
shown to be p = pa exp(To/T)" with values of p some-
times identified as 1/2 and sometimes as 1/4. In our
specimens both of these values of the exponent occur. By
considering the conditions under which a Coulomb gap
may be expected to have the dominant influence on the
conductivity we have been able to account for the transi-
tion from the one to the other of these two exponents in
our data, as well as in the data of others. Although other
explanations have been put forward from time to time for
the exponential behavior of p(T), the consistency of the
results and the explanations under widely difFerent con-
ditions provides strong confirmation that the description
in terms of variable-range hopping in the presence of a
Coulomb gap is indeed appropriate.
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