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Transport studies of La;— ,Sr,CuQ4 near the insulator-metal-superconductor transition
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We have measured the temperature-dependent resistivities of a series of samples of Las—«-
SrxCuO4 with 0.02 < x < 0.1 over the temperature range 0.05=<7 <300 K. We find the onset
of superconductivity as x is increased to be correlated with a substantial drop in the magnitude of
the normal-state resistivity. We observe no change, however, in the qualitative shape of the resis-
tivity as the superconducting threshold is crossed. We also find that the low-temperature
(T =< 8.0 K) resistivities of the least concentrated samples can be described by variable range hop-
ping, with a crossover between Coulomb gap and single-particle behavior occurring as x is in-

creased.

Since the discovery of high-temperature superconduc-
tivity in the La-Ba-Cu-O system,! there has been intense
interest in the properties of these layered perovskites.
Several classes of such materials have been found and su-
perconducting transition temperatures of up to 125 K
have been reported.? Most of the work on these materials,
however, has focused on samples with dopant and oxygen
concentrations near that required for an optimal super-
conducting transition temperature with comparatively lit-
tle work being done on samples at the crossover to the
nonsuperconducting regime. Such studies are of funda-
mental interest, though, both to increase our understand-
ing of the approach to and the nature of the superconduct-
ing state, and also to provide basic information on the
normal-state properties of these systems.

In order to address these issues, we have carried out
transport measurements on Laj—,Sr,CuQO, for values of
Sr concentration x in the vicinity of the insulator-metal-
superconductor transition. Laj-,Sr,CuQO4 was studied in
considerable detail® even before it was first shown* to be a
high-T, superconductor, and it is now known to be
perhaps the simplest such system, possessing only one
low-dimensional structure in the form of a single Cu-O
plane per unit cell. The material possesses orthorhombic
symmetry at room temperature for x < 0.10, switching
over to tetragonal for higher concentrations.® Laj—,-
Sr,CuOy4-; is a superconductor in the x =0 limit under
certain conditions (probably related to the concentration
of oxygen deficiencies &)¢ as well as in the strontium
concentration window’ 0.05 S x $50.30. The highest tran-
sition temperatures are obtained® for x=0.15. We
present here resistivity measurements on a series of sam-
ples with 0.02 < x < 0.10, a range allowing the investiga-
tion of the normal, superconducting, and low-temperature
insulating regimes of this system. We find the onset of su-
perconductivity as x is varied to be correlated with a large
change in the magnitude of the normal-state resistivity.

The samples used were sintered ceramic pellets pre-
pared using standard techniques® with a final thermal his-
tory consisting of cooling from 1060 to 550°C in pure O,
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and then annealing in O, at 550°C overnight. The ma-
terial was stored in dry nitrogen, with no other measures
taken to alter or control oxygen concentration. X-ray
crystallographic data’® show single-phase orthorhombic
material with no sign of the more concentrated tetragonal
structure.> The x-ray results, along with the fact that
semiquantitative electron-microprobe measurements '’
conducted on two of the samples (x =0.05 and 0.055) find
no spatial variations in Sr density at the 500-ppm level,
make it unlikely that a small volume fraction of more con-
centrated material is acting as a superconducting short in
the x > 0.05 samples. Multiple measurements on a given
sample indicated little or no degradation due to repeated
temperature cycling. Resistance measurements were
made on roughly bar-shaped samples of cross-sectional
area 0.05 cm? using a four-probe ac technique at 17 Hz.
Electrical contacts were made using silver paint, either on
the surface of the sample (which was scraped to remove
any surface layer) or in grooves cut into it. The absolute
accuracy of our resistivities is largely determined by un-
certainties in the geometry of these painted contacts and
by variations in the densities of the sintered samples, and
is estimated to be better than 30%. Data on very low con-
centration (x <0.02) samples are not presented as resis-
tivity measurements indicated the existence of regions of
superconducting La;CuQy. For low-temperature (<2 K)
measurements, the samples were either top-loaded into or
mounted on the mixing chamber of a helium dilution re-
frigerator. Special care was taken on all low-T data to
verify that the contacts had linear I-V characteristics and
to avoid Ohmic heating due to the measuring current.

The resistivities so obtained for x=0.02, 0.05 and
x =0.055, 0.065, 0.075, and 0.10 are shown in Figs. 1 and
2, respectively. Qualitatively, the general shape of p(T)
for x =< 0.05 and above T, for x = 0.055 is independent of
x in that it displays two types of behavior: an essentially
linear drop in p for T > Tnin = 100 K, followed by a steep
rise in p at lower temperatures. This generic shape is
similar to that seen by other groups,'! with the linear
high-T behavior seemingly a ubiquitous property of high-
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FIG. 1. Resistivity of La;-xSr,CuO, for x =0.02 and 0.05 as
a function of temperature.

T. superconductors.'?!3 The superconducting transitions
are moderately sharp with widths (10%-90%) of 4.4, 7.4,
and 6.0 K, respectively, for the x =0.065, 0.075, and 0.10
samples, and show no signs of steps in p(7’) that would in-
dicate gross inhomogeneities. This, combined with the x-
ray characterization, implies that random inclusions of
more concentrated material with higher transition tem-
peratures are absent. Therefore, it is particularly notable
that even the superconducting samples display both of the
regimes in resistivity: metallic at high temperatures, they
apparently behave as insulators just above their 7,.’s as
shown by obvious minima in p(7) for x =0.055 and 0.065
and a shallow minimum for x =0.075. The single excep-
tion is the x =0.10 sample, whose resistivity flattens off,
but never rises as T is lowered. One interpretation, which
is attractive in view of the behavior of the other samples,
is that the flattening off is indicative of the onset of the in-
sulating regime but that the upturn for x =0.10 at low T’
is cut off by a superconducting transition. Thus, a linear
metallic resistivity at high 7, resistive behavior for lower
T, and superconductivity all seem intrinsic to these poly-
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FIG. 2. Resistivity of La;—xSrxCuO4 for x =0.055, 0.065,
0.075, and 0.10 as a function of temperature.
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FIG. 3. Resistivity of Laz-xSryCuOs for all measured con-
centrations. Curves A4, B, C, D, E, and F are the data from the
x =0.02, 0.05, 0.055, 0.065, 0.075, and 0.10 samples, respective-
ly. Superconductivity in the x = 0.055 samples coincides with a
drop in normal-state resistivity (see also Fig. 4).

crystalline materials, with all
x = 0.055.

A striking feature of our data when viewed as a func-
tion of strontium concentration is that, as x is increased
above 0.05, the onset of superconductivity coincides with a
strong drop in the normal-state resistivity (Fig. 3). We
have verifisd the existence of this feature using a number
of sample from separate production runs with Sr concen-
trations o both sides of x,=0.055. In Fig. 4 we show
p(300 K) as a function of x. While p(300 K) changes by
a factor of order 2 between x =0.01 and 0.05, it drops by
a factor of 23 as x is increased 10% in crossing x..

In Fig. 5 we plot the positions T, of the resistivity
minimas and the slopes of fits to the linear regions of p
scaled by p(300 K). The slopes have been so scaled in or-
der to remove their trivial dependence on the global
change in p(T) at x.. No obvious qualitative change is
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FIG. 4. Room-temperature resistivity p(300 K) as a function
of Sr concentration. The resistivity drops by a factor of 23 when
x exceeds 0.05.
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FIG. 5. (a) Temperature Tpmin at which p(T) has its mini-
mum in the normal state. (b) Slope of the high-temperature
resistivity scaled by p(300 K). Neither quantity exhibits
changes correlated with the resistivity drop in Fig. 4.

seen in either plot as x crosses x.. This suggests that the
mechanisms which account for the normal-state resistivity
for x > x. and for x < x, are qualitatively the same. In
the superconducting samples, however, the overall magni-
tude of p is sharply reduced.

The sharp rise in p(7) may be followed to T< 1 K in
the nonsuperconducting samples. At sufficiently low tem-
peratures (T7<8 K for x=0.02 and T=<2.5 K for
x =0.05), both concentrations display a stretched ex-
ponential form

p(T) =poexp(To/T)*. 1)

A best fit of the x =0.02 data gives =7+ and To=74 K
(Fig. 6), while the x =0.05 sample gives =+ with
To=645 K (Fig. 7). An exponent 8= ¢ is indicative of
Mott variable range hopping (VRH) in three dimen-
sions.'* If, in the presence of interactions between car-
riers, screening is sufficiently weak, then the VRH result
is modified to = § in two as well as three dimensions. '
Both forms have been proposed for the description of p(77)
in strongly disordered metals'® and in semiconduc-
tors.'*!> In general, a crossover from 8=+ to f=1 with
increasing carrier densities is believed to take place.!” In
La;—Sr,CuOy the carriers are holes contributed by the
Sr, and we interpret the change in B as an indication that
at x=0.05 the hole concentration has increased suf-
ficiently to provide screening even to the lowest tempera-
tures measured (0.05 K). '8
We may use our value of T for x =0.05 to estimate th

localization length a '
given by the approximate VRH relation

a "= TlkgToN(EF)/16] ~13, )

in the screened regime. a ! is
14,19
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FIG. 6. Logarithm of low-temperature resistivity of the
x =0.02 sample as a function of 7'/ indicating variable-range-

hopping conduction in the presence of carrier interactions.

where the density of states, N(Er), with dimensions of
states/eV cell, has been measured to be in the range?’
2-13. Using Tp=645 K, we find 16<a¢~'=<30 A,
which equals from 4 to 8 in-plane or 1 to 2.5 out-of-plane
lattice spacings. This large localization length may imply
that the system is near a metal-insulator transition, a con-
clusion also reached by Uher and Kaiser?' in a somewhat
different context. We may also try to estimate a ~! for
the x =0.02 sample using an expression from theories of
the Coulomb gap'*
1 _e* 2200
a ~k3TOK‘~ ” A, 3)

where x is the dc dielectric constant of the material and
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FIG. 7. Logarithm of low-temperature resistivity of the

x =0.05 sample as a function of 7T'4, indicating variable range
hopping in the case of sufficiently screened carrier interactions.
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To=74 K is determined from the data of Fig. 6. Thus, if
the localization lengths of the x =0.02 and 0.05 samples
are of the same order of magnitude, x for the latter must
be large (= 100).2

Our results may be contrasted with those of Osquiguil
et al.,”* who measured p(T) for La,gSro2CuQO4—s as a
function of oxygen deficiency 8. They found that all of
their samples obeyed Eq. (1) with 8= &, even though the
normal-state behavior varied from largely metallic (like
our x =0.10 sample) to highly insulating, with no cross-
over to B=+ evident. One possible explanation is that all
of their deoxygenated samples have enough carriers to be
in the screened regime. Osquiguil et al. also find that the
slope of p(T) at high T is invariant under changes in 6,
while we find it to be a strong function of x for the lower
concentrations [see Figs. 1 and 5(b)], a feature also noted
by other workers.'>?* Following the analysis of Fiory et
al.,'? who treat the linear part of p within a diffusive con-
duction model, we can write

p(T)=C+Clwp ~'T, 4)

where vr is the Fermi velocity and C, and C; are temper-
ature independent. Thus, within this simple model, the
fact that the slope of p changes with x but not with § im-
plies that the valence-band curvature, and therefore vr,
also change with x but not with 6. In any case, the
model-independent implication of the differences between
our work and that of Osquiguil et al. is that varying hole
concentration by changing x is not the same as doing so by
varying 8.

Our observation of three-dimensional VRH is some-
what surprising in view of the essentially two-dimensional
nature of these materials. Some insight may be gained,
however, from in-plane p,; and out-of-plane p. resistivity
measurements by Cheong et al.!! on single crystals of
semiconducting La;CuO4. They find that while the an-
isotropy p./pss may be as large as 1000 for 7= 70 K, it
falls sharply as T is reduced further. If this trend contin-
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ues to the low temperatures used here, our low-7 data
may reflect three-dimensional behavior in the sense that
out-of-plane conduction is comparable to in-plane hop-
ping. Careful low-temperature studies of high-quality sin-
gle crystals of La;—,Sr,CuOy4 with x0 are necessary to
test this explanation.

The data for x <0.05 (Fig. 2) are consistent with an
insulator-to-superconductor transition at low temperature.
Due to the polycrystalline nature of our samples, we can-
not distinguish between in-plane and out-of-plane contri-
butions to the resistivity. However, if p, is metallic for
the superconducting concentrations, > then our results im-
ply that p. exhibits an insulator-to-superconducting tran-
sition as a function of temperature.

Our finding that superconductivity first appears at a Sr
concentration x. =0.055 is consistent with phase diagrams
obtained from specific-heat?® and magnetic-susceptibility
studies.?” Our data, however, suggest that the appearance
of superconductivity in the transport properties of
La,—,Sr,CuQy is primarily correlated with a value of the
normal-state resistivity. This is supported by the fact
that, qualitatively, the shape of p(T) above T, does not
change as x crosses x.. Within this picture, the suppres-
sion of superconductivity is driven by an increase in
normal-state resistivity, leading to a vanishing of 7. as
p(300 K) approaches 0.007 @ cm. If indeed the resistivity
p is the control variable, then for x close to x. supercon-
ductivity could be induced by changing p at fixed x. An
investigation of this possibility is currently underway.
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