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We have studied the superconducting and normal-state properties of La~ s5Sro ~5(Cu~ —„Ga„)04
(0 & x & 0.03). T, decreases essentially linearly with the Ga content and reaches 0 K for only 2.2
at. % of Ga, while the carrier concentration reduces by approximately 20% in the doping range
studied. The T, suppression is analogous to that observed by us in the La& s&Sro, &5(Cu~ —„Zn„)04
system. The disappearance of superconductivity is most likely due to the complete filling of the
Cu local 3d band and not due to the pair-breaking eff'ect induced by nonmagnetic disorder. The
Ga doping induces localization of the Cu 3d holes as evidenced from the susceptibility measure-
ments. The normal-state resistivity exhibits a minimum followed by a logarithmic increase as the
temperature is lowered. The temperature of the minimum increases linearly with the Ga content.
The logarithmic upturn in the resistivity indicates that neither an activation process nor variable

range hopping is responsible for the low-temperature electronic transport. Among two other pos-
sible mechanisms, the Kondo eAect and effect of loca, lization and correlation, the Kondo eff'ect

gives a much better description of the temperature dependence of the resistivity in the whole tem-
perature range (4-300 K) and for all of the samples.

I. INTRODUCTION

Since the discovery of high-T, superconductors under-
standing of their structures and properties has been rapid-
ly advancing due to the vigorous efforts of both experi-
mentalists' and theorists. It is now well known that a
proper concentration of charge carriers is essential for sus-
taining high-T, superconductivity. The carrier concentra-
tion may be changed by adjusting the oxygen content in

YBaqCuq06+q (1:2:3 compound) or by the substitution
of the Sr + ions for La + in Laq-„Sr Cu04 (2:1:4com-
pound). 4 The nature of the superconducting pairing
mechanism itself is much less clear. Some insight was
provided by the discovery of the long-range antiferromag-
netic ordering in the insulating parent compounds
LaqCu04 —s (Refs. 5 and 6) and YBaqCuqOq (Ref. 7)
as well as in the superconducting oxygen-deficient
YBaqCuq06+~. The presence of strongly correlated spin
Auctuations in both YBaqCuq06+s (Ref. 9) and
LaqCu04-q (Refs. 6 and 9) has also been established. All
of these experimental results indicate that some kind of
exchange interactions within the CuO~ planes may play a
role in the superconducting pairing mechanism.

One way to probe the superconducting mechanism is to
substitute Cu + ions by transition metals or other ele-
ments. Many experimental studies performed on both
YBaqCuq07 (Refs. 10-13) and Lap — Sr„Cu04 (Refs.
11,14-16) reveal that such substitutions suppress T, to
varying degrees. Most clear in this respect is the study on
the substitution of the nonmagnetic Zn (Refs. 12 and 13)
and Ga ions' into YBaqCuq07. Ga + ions with a 3d'
configuration substitute for Cu in the Cu-0 chains. This
lowers T, to 70 K when the level of Ga content ap-
proaches 10 at. %. Zn + (3d' ), on the other hand, sub-
stitutes for Cu in the Cu-Op planes and destroys supercon-

ductivity far more effectively: T, is completely suppressed
with 13 at. % of Zn. Recently, we have completed a de-
tailed study on the Zn substitution into La& 85-

Sro ~5Cu04, ' where the effect of Zn substitution on T, is
even more drastic. The La~ sqSro ~q(Cu~ -„Zn„)04 system
ceases to be superconducting for x =0.02 while maintain-
ing approximately the same carrier concentration. It is
clear that the Zn substitution affects the superconducting
pairing mechanism itself without lowering the carrier con-
centration. As we have shown in Ref. 16 the strong
suppression of T, cannot be explained solely by the pair-
breaking effect due to nonmagnetic disorder. Rather it is
the complete filling of the local Cu 3d band that affects
superconductivity so severely.

In the present work we have studied for the first time
the effect of Ga substitution on superconductivity and
normal-state properties of the 2:1:4compound. The result
is remarkably different from the one seen in YBaq-
(Cu~ -xGa„)307 in that Ga doping affects superconduc-
tivity in the 2:1:4 compound detrimentally, while it only
has a small effect on T, in the 1:2:3compound. In fact,
T, is suppressed in La~ s5Sro ~q(Cu~ „Ga„)04in a fashion
similar to the one observed in the La ~ g5-

Sro ~ q (Cu ~
— Zn„)04 system. The implication of this

finding will be one of the topics of this paper. We will
present interesting behaviors in the normal-state proper-
ties of the Ga-doped 2:1:4compound. Among them a log-
arithmic temperature dependence of the resistivity in the
low-temperature region is particularly intriguing. Such a
behavior, which has not been observed or claimed in any
other study, provides valuable insight into the electronic
transport mechanism of the high-T, superconductors. In
addition, the influence of Ga doping on the lattice param-
eters, magnetization, and susceptibility of the 2:1:4com-
pound will be presented and discussed.
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II. EXPERIMENTAL DETAILS

Ceramic Lai ssSrp. &s(Cu~, Ga„)04 samples with 0
~X~0.03 were prepared by thoroughly mixing ap-
propriate proportions of high purity La203, SrCO3, CuO,
and Ga203 powders, pressing them into pellet forms and
sintering them in an oxygen atmosphere for a total period
of 150 h. Three intermediate grindings for homogeniza-
tion were used. The annealing temperatures were 1000,
1000, 1050, and 1050'C. The final cooling rate was
3 'C/min.

The 0-20 x-ray diffraction spectrum of the samples was
checked with a Philips APD 3720 powder diffractometer.
The quality of the samples was very good, without any
detectable impurity phases. The shapes of the diffraction
peaks were fitted by a modified Gaussian function. The
lattice parameters were then calculated from the positions
of at least 22 diffraction peaks using a standard least-
squares reduction method.

Resistivity versus temperature was measured using a
standard four-probe method. The temperature depen-
dence of the magnetization was measured with a SQUID
magnetometer in both zero-field-cooled and field-cooled
modes.

III. EXPERIMENTAL RESULTS

A. Lattice parameters

The 0-28 x-ray diffraction spectrum reveals that all of
the samples are single phase with a tetragonal perovskite
structure of La~ 85Sro ~5Cu04. The lattice parameters a
and c depend linearly on the Ga content as displayed in
Fig. 1. The a parameter increases by about 0.1% and c
decreases by about 0.17% in the composition range stud-
ied. Such a behavior, similar to those observed in
La~ ssSrp ~s(Cu~ -„Ni„)04 (Ref. 15) and La~ ssSrp ~s-

(Cu~ —„Zn„)04,"' can be explained by the reduction of
the local Jahn-Teller distortion. Due to the 3d electronic

configuration of the Cu + ions, the Jahn-Teller effect is
present in La~ ssSrp ~sCu04. The Cu —0 bond in the Cu-
02 plane is shorter than the one perpendicular to the plane
(1.894 and 2.428 A, respectively' ). On the other hand,
Ga ions with a we11-defined valence of 3+ and in the 3d'
configuration do not exhibit Jahn-Teller effect. There-
fore, the difference in the bond lengths is reduced in the
octahedron surrounding a Ga impurity. This causes the
increase of the a and the decrease of the c lattice parame-
ters.

8. Resistivity

The temperature dependence of the resistivity for a
series of Ga-doped samples (doping level: 0-3 at. %) is
shown in Fig. 2. The resistivity increases steadily with the
Ga doping level. For samples doped with more than 1

at. % of Ga, resistivity has a well-defined minimum fol-
lowed by an upturn at low temperatures. Ga has one more
valence electron than Cu in the 2:1:4compound. Doping
with Ga therefore reduces the free-hole concentration. If
we assume that one Ga ion removes one free hole, the
hole concentration in La~ ssSrp ~s(Cu~ -„Ga„)04 is (0.15
—x)/V, where V is the volume of the unit cell. The ratio
of the hole concentration in Ga-doped samples to the con-
centration in the undoped 2:1:4compound n, is then equal
to (0.15 —x)/0. 15. For the sample with x =0.03, the rela-
tive change in the hole concentration 1 —n amounts to
20%. In Fig. 3(a) we plot the room-temperature resistivi-
ty multiplied by n as a function of the Ga content. Such
a "rescaled" room-temperature resistivity still increases
with the Ga content, indicating that the increase in the
resistivity is not due to the reduction in the carrier concen-
tration alone.

The high-temperature resistivity data in the region
from 200 to 300 K are essentially linear in T. We have at-
tempted to fit those data with the following relation:

p(=p(T) =pp+p(x)+a(x)T,
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FIG. 1. The lattice parameters a and c vs Ga content in
La i.ssSrp ~ s(Cu~ —„Ga„)04.
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FIG. 2. The temperature dependence of resistivity for samples
with various Ga content (in at. %).
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FIG. 4. Variation of T, with Ga content in La~ 85Sro l5-

(Cu~ —„Ga„)04 (circles) and with Zn content in La~s5Sr0~5-
(Cu& —„Zn„)04 (squares). The bars represent 90-10% resistive
superconducting transition, and the points are the midpoint
resistive transition temperatures. The curves are guides to the
eye.
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FIG. 3. (a) The room-temperature resistivity (at T=297 K)
multiplied by n = (0.15 —x)/0. 15 (see text) as a function of Ga
content. (b) Residual resistivity p(0 K) =po+ p(x), as obtained
from the fit of Eq. (I) to the resistivity data in the 200-300 K
temperature range, multiplied by n, as a function of Ga con-
tent. (c) The resistivity slope dp/dT obtained from the same fit,
multiplied by n„, as a function of Ga content.

where p(x) is the residual resistivity due to impurity
scattering induced by Ga, po is the residual resistivity due
to other defects, and a(x) is the slope of the resistivity
dp/dT. The obtained values of p(0 K) =po+p(x) and
a(x) are shown in Figs. 3(b) and 3(c), again rescaled by
n„. The rescaled residual resistivity increases nonlinearly
with Ga doping and the rescaled slope of the resistivity is
almost constant versus Ga content. Those results diA'er

from the ones observed by us in the Zn-doped 2:1:4com-
pound with constant carrier concentration, ' where the re-
sidual resistivity is linearly dependent on Zn doping and
the slope decreases with Zn content. it should be pointed
out that relation (1) is strictly adequate for the descrip-
tion of the high-temperature resistivity only in low Ga-
doped samples (less than 1 at. %). For higher doping lev-
els the temperature dependence of resistivity is increasing-
ly nonlinear even at high temperatures. However, the
above crude analysis provides an upper limit of the residu-
al resistivity in the Ga-doped 2:1:4compound which will
be useful in the discussion below.

Let us now turn our attention to the superconducting
properties of the La~ s5Sro &5(Cu& —„Ga )04 system. The
values of T, as a function of the doping level for both Ga-
and Zn-doped 2:1:4compounds are shown in Fig. 4. The
bars represent the superconducting transition width (90%
to 10% resistivity drop), and the points are midpoint resis-

tive transition temperatures. The. T, suppression is very
similar for both systems, and it is very effective. T, drops
to zero at a doping level of only 2.1-2.2 at. %. There is a
slight diff'erence in the initial slope of the T, vs x depen-
dence resulting from the decrease of carrier concentration
in the Ga-doped samples. However, what we would like to
stress here is the striking similarity with which both Zn
and Ga suppress the superconductivity. The deleterious
eff'ect of Zn on superconductivity in both La& 85Sro ~5Cu04
and YBa2Cu307, is well known to be the strongest among
all the 3d transition metal and some of the sp elements in-
vestigated so far, despite the fact that Zn does not carry a
magnetic moment. ' ' Ga was found to substitute the
Cu(1) chain sites in YBa2Cu307, its effect on T, being
very small. ' The results presented here show that Ga can
suppress T, just as eff'ectively as Zn if it is substituted into
the Cu-02 planes. This finding further reinforces our ear-
lier conclusion' that the integrity of the planes is much
more important than that of the chains in sustaining
high-T, superconductivity. The fact that superconductivi-
ty disappears in the La~ s5Sro ~s(Cu~ —,Ga, )04 and in
La~ s5Srp ~5(Cu&, Zn, )04 at almost the same doping lev-
el proves that such substitutions aA'ect the pairing mecha-
nism. The change in the carrier concentration in the Ga-
doped 2:1:4 compound, although slightly aff'ecting the
shape of the T, (x) curve, is not the main reason for the
observed drastic T, suppression.

C. Magnetization and susceptibility

We have also investigated the magnetic properties of
the La~ s5Sro ~5(Cu~ —„Ga,)04 system. Examples of the
low-temperature magnetization in both the zero-field-
cooled and field-cooled modes under a magnetic field of 10
Oe (for two samples: 0.5% and 1.5 at. % of Ga) are
displayed in Fig. 5. The magnitude of the Meissner and
diamagnetic eff'ects reduces significantly with increasing
Ga content. The values of T, obtained from the magneti-
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change in the high-temperature susceptibility originates
from the variation in the free-carrier concentration. We
did not measure directly the oxygen content in our sam-
ples. However, since the Ga-doping level is rather small,
the oxygen content should not be affected much. The ob-
served change in the high-temperature susceptibility sug-
gests that this is indeed the case. In the low-temperature
region an upturn in the susceptibility is induced by the Ga
doping. With increasing Ga content this upturn increases
steadily. Such a behavior may seem surprising at first
glance because Ga + is a nonmagnetic ion. But, as will be
discussed in Sec. IV, the local moment induced by the Ga
doping actually resides on the Cu sites.

IV. DISCUSSION

FIG. 5. Magnetization as a function of temperature in the
zero-field-cooled (increasing temperature) and field-cooled (de-
creasing temperature) modes for two samples with Ga content
of 0.5 and 1.5 at. %.
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FIG. 6. The temperature dependence of the susceptibility for
samples with Ga content of 0, 2, and 3 at. %. The inset shows
the values of susceptibility (in units of 10 emu/mol) measured
at the temperature 380 K as a function of the doping level.

zation measurements are in good agreement with those
from resistivity measurements.

In Fig. 6 the temperature dependence of the susceptibil-
ity measured in a field of 5 kOe is presented. For clarity,
only the results of three samples (0, 2, and 3 at. % of Ga)
are shown. The normal-state susceptibility of the samples
remains relatively constant above T=250 K. But as the
Ga concentration is increased, the susceptibility reduces
gradually as shown in the inset of Fig. 6. The relative
reduction in the high-temperature susceptibility
[g(3%)—g(0%)]/g(0%) is equal to 21% in the investigat-
ed range of Ga content. The relative change in the hole
concentration, assuming that substitution of one Ga ion
removes one free hole, is also equal to 20% for the same
Ga-doping range. This result strongly indicates that the

A. The T, suppression

In our view, the deleterious effect of Ga and Zn on
high-T, cuprate superconductors is an important funda-
mental question. There are no other known dopants that
cause a stronger suppression of T, . A possible cause pro-
posed in the literature is the pair-breaking eff'ect due to
nonmagnetic disorder. This eff'ect in high-T, supercon-
ductors has been studied by Coffey and Cox. ' They have
found that the value of T, should be reduced to half of its
original value, when the mean-free path due to disorder
(l) decreases to half of the superconducting coherence
length. Using a coherence length of 20 A for the 2:1:4
compound, CoAey and Cox estimated that a 50% T,
reduction will require an increase in the residual resistivi-
ty of about 1000 pO cm. We have previously shown that
the increase of the residual resistivity due to disorder in

the Zn-substituted samples is only abut 250 p 0 cm when

T, drops to 0 K. ' We can make a similar comparison in

the Ga-doped system. From the analysis in Sec. III we
have obtained an upper limit on the resistivity due to dis-
order, p(x) =p(0 K) —po. The correlation between T,
and p(x) in presented in Fig. 7. T, is completely
suppressed when the residual resistivity increases to about
400 p 0 cm, a value much smaller than the critical value
estimated by Coffey and Cox. The upper scale in Fig. 7
displays the values of the mean free path due to disorder
(I) calculated from the expression'

4ÃvF
(2)

cop'p(x)
'

where UF is the Fermi velocity, co~ =[(4rrne )/m*]'~ is
the plasma frequency, m* and n are the effective mass
and the carrier concentration, respectively. We have

assumed that @co~(x)= jn„Aco~(x =0) and, used UF

=0.95&&10 cms ' and h, co~(x=0) =0.63 eV. One
can see from Fig. 7 that the mean free path due to disor-
der decreases to about 35 A when the samples cease to be
superconducting. This mean-free-path value is almost
twice as high as the superconducting coherence length.
Therefore, it is unlikely that the nonmagnetic pair-
breaking effect is the dominant re'ason for the T, suppres-
sion in Ga-doped La] &5Srp ~5Cu04.

Most likely, the strong effect on T, results from the
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FIG. 7. Superconducting transition temperature T, vs the
upper limit of the residual resistivity due to Ga-induced disorder
p(x) =p(0 K) —

po obtained from the fit of Eq. (1) to the resis-
tivity data in the 200-300 K temperature range. po is the resid-
ual resistivity of the 0 at. % sample. The upper scale is the mean
free path due to disorder, I, calculated from Eq. (2).

same closed-shell 3d' configuration of the Zn + and
Ga + ions. As we have argued before, ' the filling of the
local Cu 3d band prevents both the free carriers and the d
holes at the neighboring Cu + site from hopping into the
impurity site. Ni + with a configuration 3d does not fill
the 3d band, and, therefore, has a much weaker effect on
superconductivity (T, drops to zero at a Ni-doping level
of more than 4 at. %' ).

8. The Curie-gneiss law

o.oo
1 2

Ga content. (at. . %)

FICJ. 8 (a) The inverse of the Curie-Weiss susceptibility
g —go vs temperature for 3 samples: 2, 2.25, and 3 at. % of Ga
content. Straight lines represent Eq. (3) with the best-fitted pa-
rameters. (b) The dependence of the calculated eA'ective mo-
rnent on the Ga content.

duced localization of Cu 3d holes as the Ga concentration
grows. This interpretation is also consistent with two oth-
er experiments in which similar effects have been ob-
served. Recently we have observed the Curie-Weiss law
in the susceptibility of La& ssSro ~s(Cu~ —Zn„)04. ' In
YBa2(Cu~ —,Zn„)307, a jump in the value of the magnet-
ic moment was observed as the Zn-doping level was in-
creased. ' This effect was also attributed to the increasing
localization of d-holes at the Cu sites.

The low-temperature region of the susceptibility for
samples with Ga content above 1.5 at. % can be fitted by
the Curie-Weiss law of the form

2 2Np, ~p&

3k'(T —8)
Here go is the temperature independent part of the suscep-
tibility, N is the number of magnetic ions, p,p is the
effective moment in the units of Bohr magneton p~, and 6
is the Curie-Weiss temperature. We have fitted relation
(3) to the susceptibility data in the temperature region up
to 100 K. The fitted parameter 8 is close to 1 K for all of
the samples. In Fig. 8(a) an example of I/(g —go) depen-
dence on the temperature is shown for 3 samples together
with the straight lines which represent Eq. (3). The fit is
good and the slope of the straight lines changes consistent-
ly with Ga content. Assuming that the effective moment
resides on the Cu sites, we can extract the p,g values.
They are presented in Fig. 8(b). The eA'ective moment is
small, equal to 0.14p~ in the sample with 3 at. % of Ga. It
decreases consistently with the decrease of the Ga content.
The extrapolation of this dependence to 0% sample does
not give a zero effective moment but a value of
(0.03 + 0.015)p. g.

The increasing moment is presumably caused by the in-

C. The low-temperature resistivity minimum

and upturn

La2Cu04 is an anisotropic insulator with a small carrier
concentration in the Cu-0 planes of the order of 5X10'

The resjstjvjty jn the Cu-0 planes djsplays
variable range hopping behavior at low temperatures.
The substitution of the divalent Sr + for La + in
La2 —„Sr„Cu04 creates free holes with a concentration
approximately equal to the Sr concentration. After an
insulator-metal transition the samples become increasing-
ly metallic with a linear temperature dependence of resis-
tivity in a wide temperature range above T, . ' Mecha-
nisms such as electron-phonon scattering, electron-
electron scattering, and holon-spinon elastic scattering
in the resonating-valence-bond (RVB) theory have been
proposed to explain the linear temperature dependence of
the resistivity. As we have shown earlier, doping of the
2:1:4compound with Ga affects the normal-state resistivi-
ty both in the low- and the high-temperature regions.
There is a low-temperature resistivity upturn which in-
creases with the Ga content. Also, in the high-
temperature region the dependence of the resistivity be-
comes increasingly nonlinear. Such a behavior has been
observed, to a smaller or larger degree, in many



39 SUPERCONDUCTING AND NORMAL-STATE PROPERTIES OF. . . 4227

o(T) =ap+Dln T
To

(4)

transition-metal-doped 2:1:4 or 1:2:3 compounds. '

The low-temperature upturn was usually labeled as evi-
dence of semiconducting behavior or localization effects.

Let us first examine the possibility that the resistivity
upturn is due to the opening of an energy gap. There are
examples in the literature that the resistivity minimum in
reduced-dimensionality systems is due to the formation of
charge-density waves. Although the early suggestions of
oxygen-breathing-mode charge-density waves in cuprate
oxides were not confirmed by recent experiments,
there are still some indications that mechanical lattice in-
stabilities or spin-density waves may inAuence the trans-
port properties in La~ 85Sro ~5Cu04. ' The activation pro-
cess associated with the opening of an energy gap would
result in the temperature dependence of the resistivity of
the form p-exp(1/T) at low temperatures. In Fig. 9 we
plot ln(p —pi) vs 1000/T, where the values of pi, as de-
scribed by Eq. (1), have been obtained from the high-
temperature part of the resistivity. Clearly the exponen-
tial dependence is not found in any of the samples. There-
fore, the low-temperature transport is not a simple activa-
tion process, and there is no opening of a gap. We have
performed a similar analysis assuming variable range hop-
ping conduction as observed in the parent compound
La2Cu04. Our analysis indicates that the resistivity up-
turn is not caused by that mechanism either.

There are other mechanisms which produce resistivity
minimum and upturn. One of them is localization and
correlation in the presence of disorder in two-dimensional
systems. The conductivity due to those effects is given by
Din[(T/Tp)], where the coefficient D is a sum of the lo-
calization term dependent on the dominant scattering
mechanism and the Coulomb interaction term. We
have assumed that the total conductivity has the form

where op =1/pi and pl can be obtained from the linear fit
of the resistivity in the high-temperature range. In Fig.
10 we plot the value op —rr as a function of ln(T). Only
for samples with Ga content 0 and 0.5 at. % can the con-
ductivity be described by relation (4) in the temperature
region just above T, . The linear fit shown in Fig. 10 gives
the values of D=1.23x10 A 'cm ' and 2.08&10
0 'cm ' and TO=90 and 9504 K for 0 and 0.5 at. %
samples, respectively. The logarithmic term in the con-
ductivity increases substantially after substitution of only
0.5 at. % of Ga. When the Ga content is increased to
above 0.5 at. % the temperature dependence of ao —cr no
longer follows ln(T), and the value of ap —rr decreases.
However, this decrease is most likely an artifact due to the
assumption that o. at high temperatures is equal to ciao.

We observe that the high-temperature resistivity is in-
creasingly nonlinear when the Ga content grows. It
strongly indicates that for samples with more than 0.5
at. % of Ga the correction to o.o is large and that it aff'ects

the conductivity even at high temperatures. It should be
noted that Eq. (4) was obtained via the perturbation
theory and it is valid only in the weak localization limit.
Therefore, we cannot expect relation (4) to be applicable
for the Ga-doping level higher than 0.5 at%. Unfor-
tunately there is no theoretical prediction for the tempera-
ture dependence of the conductivity in the case of strong
or intermediate localization.

Another possible explanation for the observed resistivity
upturn is the Kondo eff'ect. The Kondo effect was first
realized in the case of spin-flip scattering of conduction
electrons by magnetic impurities in metallic alloys.
There the presence of the s-d exchange interaction intro-
duces an additional term to the resistivity of the form
Cln(T). The constant C is proportional to the s-d
exchange integral. The negative sign of C leads to
the minimum in the low-temperature resistivity. We have
assumed the following temperature dependence of the
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FIG. 9. Logarithm of the nonlinear part of the resistivity
p —pi as a function of 1000/T for samples with different Ga con-
tent: (a) samples with 2-3 at. % and (b) samples with 0-1 at. %.
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function of ln(T). The straight lines display the fit of Eq. (4) to
the data for 0 and 0.5 at. % samples.
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FIG. 11. The dependence of the nonlinear part of the resis-
tivity p —A BT= —C—ln(T) on the In(r) [see Eq. (5)]. Lines
represent the best fit of Eq. (5) to the experimental data.

resistivity:

p(T) =A +BT—C ln(T) . (5)
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FIG. 12. Variation of the fitted A, 8, and C parameters with
the Ga content.

From the fit of Eq. (5) to resistivity data in the whole
temperature range (4.5-300 K) we have obtained the pa-
rameters A, 8, and C. In Fig. 11 we plot p —A —BT
versus temperature on the logarithmic scale. Equation
(5) describes the experimental results remarkably well for
all of the samples, including 0 at. % Ga. To the best of
our knowledge, this is the first observation of a logarith-
mic temperature dependence of resistivity in the normal
state of a high-T, superconductor. We believe such a be-
havior provides an important insight into the electronic
transport of cuprate oxides. The dependence of the pa-
rameters A, 8, and C on Ga content is shown in Fig. 12.
Interestingly, C/8 is a linear function of the Ga content
as shown in Fig. 13. It follows from Eq. (5) that C/8 is
equal to the temperature T, at which the resistivity has a
minimum. In Fig. 13 we plotted the values of C/8 ob-
tained by our fitting as well as the experimental values of
T . The excellent agreement between those two sets of
data indicates that the use of relation (5) accurately de-
scribes the electronic transport in our samples.

The electronic transport on the Cu-02 planes is an in-
teresting process. It is generally agreed that the charge
carriers (holes) reside in the p states at the 0 sites. "The
carriers are believed to strongly interact with the Cu d
band. It is possible that under some conditions such in-
teraction may lead to a Kondo-like behavior. In the
La~ 85Sr085Cu04 compound the localized moment is very
small and Kondo-like behavior is not apparent. However,
doping the Cu sites with Ga impurities induces a localized
moment in those neighboring Cu sites next to Ga ions. In
effect, the Ga-doped Cu-02 planes are in many respects
similar to a Kondo system. There are some recent at-
tempts to explore theoretically the Kondo-type d-p ex-
change interactions in the high-T, cuprate oxides. We
plan further experiments to investigate this interesting
electronic transport behavior.
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V. SUMMARY AND CONCLUSIONS

We have investigated La~ s5Sro ~5(Cut —„Ga,)04 with x
in the range of 0-0.03. T, is strongly suppressed by Ga
substitution into the Cu02 planes: Samples with a Ga-
doping level higher than 2.2 at. % cease to be supercon-
ducting. Such a T, suppression is not likely to be caused
by the pair-breaking mechanism due to nonmagnetic dis-
order. The filling of the local Cu 3d band due to the 3d'
configuration of the Ga ions seems to be associated with
this strong quenching of the superconductivity. The
Curie-Weiss behavior observed in the susceptibility gives
evidence of the Cu 3d-holes localization induced by the
Ga doping.

The suppression of T, due to Ga substitution is very
similar to the one observed in the Zn-doped 2:1:4 com-
pound, despite the fact that the carrier concentration in
the La~ s5Sro ~5(Cu~ „Ga„)04drops about 20% in the in-
vestigated x range whereas it is approximately constant in
the Zn-substituted samples. In contrast to the supercon-
ducting properties, the normal-state resistivity is strongly
affected by the change in the carrier concentration. The

resistivity of Lai s&Sro»(Cu~ -„Ga„)04 depends non-
linearly on the temperature at high temperatures and
displays a minimum followed by a logarithmic increase
when the temperature is lowered. This indicates that nei-
ther the activation process nor the variable range hopping
mechanism are responsible for the electronic transport in
the Ga-doped 2:1:4compound. We have investigated the
effect of localization and correlation and the Kondo effect
as possible causes of the logarithmic increase in the resis-
tivity. The Kondo eff'ect appears to be the better explana-
tion since it is an excellent description of the resistivity in
the whole temperature range (4-300 K) for all of the
samples.
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