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Abstract. Electrical transport properties of Laz._. .Sty CuQy up to z = 0.4 have been sys-
tematically investigated. A gradual change taking place in the sequences semiconducting—
non-superconducting, semiconducting-superconducting, metallic-superconducting and
metallic-non-superconducting has been observed. The results provide the experimental
evidence for a transition from metallic behaviour at high temperatures to a variable-range
hopping (VRH) regime at low temperatures. A crossover from 3D VRH 1o 2D VRH has
been cbserved when the system changes from a semiconducting-non-superconducting to
a semiconducting-superconducting type. The samples with different Sr concentrations
were further doped with zinc at the Cu site, and the resulting effect on superconductivity
and normal-state resistivity has been examined. The two compeling processes, namely
the increase in the hole concentration with Sr addition and the localization of charge
carriers due 10 Zn substitution have been discussed.

1. Intreduction

It is now well established that an optimum carrier concentration is essential for
attaining high-temperature superconductivity [1]. The carrier concentration may be
changed by varying the oxygen content in the YBa,Cu;O,_, compound [2] or by
the partial replacement of La®t ions by Sr?*+ ions in the La,__Sr,CuO, compound
[3]. From this point of view, while YBa,Cu;0,_, has been extensively studied over
a wide range of y-values [2, 4], most of the reported work on the La,_ .Sr CuO,
system [5, 6] has been confined to near the optimum carrier density corresponding
to the Sr concentration of 0.10 € = £ 0.20, Moreover, the effects arising from
various cationic substitutions in this system have been studied primarily to examine
the normal-state electronic transport behaviour [7]) and relatively less attention has
been paid to the ensuing effects when the carrier concentration deviates on either
side of the optimum concentration.

In this paper we report systematic transport measuréements on La,__Sr_CuO,
with 0 € = < 0.40. The wide range of compositions with close intervals of about
z = 0.02 allows one to explore carrier concentrations both lower and higher than the
optimum carrier concentration found for the La, _Sr,CuQ, system. The chemical
iodometric technique has been used to estimate the oxygen content and the effective
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Cu vaience in the samples, which determines the number of holes in the system.
Transport measurements provide the experimental evidence for a transition from the
metallic behaviour at high temperatures to the variable-range hopping (VRH) regime
at low temperatures [8]. Such a transition is seemingly controlled by the effective
Cu valence which in turn is determined by the Sr content. A dimensionality change
from 3D to 2D VRH has been observed with increasing Sr concentration. Samples with
varying Sr content have been further doped with zinc at the Cu site. Such a study is
expected to throw considerable light on the interrelation between the presence of St
and Zn in the system and the T, behaviour as well as on further localization effects
of charge carriers due to zinc doping.

2. Experimental details

Various samples in the La,__Sr_.CuO, system (0 € = € 0.40) were synthesized by
the solid state reaction of appropriate quantitics of well mixed metal oxides and
carbonates of greater than 99.99% purity. The calcination was carried out at M40,
950 and 960°C each for 15 h, followed by quenching to ambient temperature with
intermediate grindings in between. The reacted materials, pulverized and cold pressed
into rectangular slabs suitable for resistivity measurements, were oxygen annealed at
975°C for 15 h and then furnace cooled to room temperature over a span of about 8 h.
A similar synthesis procedure was adopted for the series La,__Sr,Cu,__.Zn,, O, for
0.15 € = < 0.40 and different =’ between 0 and 0.16. XRI» patterns were recorded
using Cu Ko radiation at room temperature to check primarily the homogeneity
of the samples. Four-probe resistivity data of the samples were acquired in the
temperature range 4.2-300 K using a liquid-helium cryostat with a carbon glass resistor
temperature sensor in conjunction with a Lakeshore cryogenic thermometer. The
entire measurement system consisting of the nanovoltmeter, constant-current source
and temperature controller and indicator was hooked up to a HP216 system controller
for automatic data acquisition and control. The effective Cu valence was determined
by the conventional iodometric titration technique [9, 10]. The oxygen content was
then calculated taking La to be in the 34 and Sr to be in the 24 valence state.

3. Results and discussion

Figure 1 shows resistivity p versus temperature plots for the La,_ Sr_CuO, system
with 0 € =  0.40. The inset shows p versus T plots for 0 < = € 0.08. The
undoped sample with = = 0, ie. La,CuQ,, behaves like an insulator with a high
resistivity of 530 m2 cm at 250 K. As = increases, metallic behaviour is observed at
higher temperatures with a semiconducting-like regime at lower temperatures. The
crossover temperature (indicated by vertical arrows) decreases with increasing x. No
such turning point is observed for x = 0.15 which corresponds to the optimum T
of 36 K [11]. No superconducting transition is observed for 0 £ = < 0.06 while, for
0.08 £ = £ 0.27, superconductivity is observed. Again, for 0.27 £ = £ 0.40, the
superconductivity transition is not revealed; only the metallicity is seen to increase
with increasing x (figure 2). The normal-state resistivity p, (measured at 250 K)
decreases with increasing x. Such a behaviour is depicted in the inset of figure 2.
The semiconducting-like behaviour of the resistivity exhibited in the concentration
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Figure L p versus T behaviour of the Laz_ . Sr:CuQy system for 0 < = < 0.40. The
resistivity of the x = 0.08 sample has been multiplied by 3.
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Figure 2. Phase diagram followed by the Laz—.Sr:CuQy system. The inset shows the
pn (250 K} versus x behaviour.

range 0 < = £ 0.12 in the low-temperature regime can be fitted to the general VRH

equation

o(T) = pyexp{(T,/T)™] (1)
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Figure 3. In p versus T~™ plots for £ = 0.06 and (.08 samples for both m = £ and
m = L values.
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Figure 4. T;( R = 0) varation with z for the Laz_;Sr;CuQOy system. The inset shows
the oxygen content and effective Cu valence as a function of x.
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Figure 5. Localization length, a~!, and electron mean free path, !, variation with z.
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Figure 6. p versus T behaviour of the La; g5Sro,15Cuy 2+ Zn,s Oy system for 0 < &' <
0.04. The inset shows the behaviour of T.( R == 0) with Zn concentration.

where the exponent m distinguishes between the 2D (m = 1) and 3D (m = b
VRH processes [12, 13]. The VRH has been reported in the various high-T, cuprates.
Ellman er al [8)] observed for La,__Sr,CuQ, in the low-temperature (below 8 K)
region an exponent m = 1 for « = 0.02 and m = ; for the = = 0.05 sample [8].
The EuBa,Cu;O;_, system was seen to have m = 3 (2D VRH) in the temperature
range 14-125 K [14]. In the case of BiySryCa, _, Y, Cu,O; a variation in the exponent
has been reported by different workers; for example Tamegai ef al [15] reported
m = L while Yoshizaki et al [16] reported m = ;. Mandal e al [17] observed for
the same system 2D VRH for z > 0.55 while at = 0.55 it was difficult to ascertain
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Figure 8. p versus T behaviour of the Lay 7551 a0 Cuy o 20,00y system for 0 < &' <
0.10.

the exponent value of 1 or 1 as the system was undergoing a dunens:onahty CIOSSOVET.
For the data reported here a value of the exponent m close 1o § has been found in the
range 0 € = < 0.06, while for 0.08 £ = < 0.12 it comes out as close to L 3 indicating
3D and 2D VRH processes to be operative in these ranges. Typical curve fittings of
In p versus T~™ based on equation (1) for x = 0.06 and z = 0.08 samples with
both m = % and m = % values are shown in figure 3, indicating the subtle difference
between these fittings. The exponents m = 4 and m = } have been found for
z = 0.06 and 0.08 samples, respectively, showing a higher-temperature-range fitting
compared with the other values of exponents. Interestingly, superconductivity is
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Figure 9. p versus T behaviour of the La; ggStp.40C; o Zn .+ Oy system for 0 <z;<
0.16. ’

observed for 0.08 € = < 0.12 (2D VRH regime) while no superconductivity is found
in the range 0 < x < 0.06, which corresponds to the 3D VRH regime. The behaviour
of the change from 3D to 2D VRH observed by us as a function of Sr concentration
seems to be in good accord with the recent report [18] on Gd-substituted at the
Ca site in Bi-2:1:2:2 superconductor. The effective Cu valence which changes with Sr
concentration (inset of figure 4) seems to be the controfling factor for such a crossover.
Table 1 lists the various parameters such as p,, the crossover temperature, T, the
oxygen content and the effective Cu valence for the different samples. Accordingly the
3D VRH process seems to be operative for the samples having an effective Cu valence
between 2.0 and 2.07 while, for effective Cu valences between 2.07 and 2.11, the 2b
VRH process is indicated. Such a crossover of the dimensionality with Sr content (and
thereby the effective Cu valence) and the associated superconductivity in conjunction
with 2D VRH qualitatively agrees with a theoretical model [19] that examines the
competition between superconductivity and localization. The localization length a~!
is defined by the approximate VRH relation {12, 20] as a~! = (kg Ty N( Eg)/16]"1/3
(for the 3D case) and o~! = [4wkg Ty N(Ep)/27]~1/? (for the 2D case). It increases
with increasing Sr concentration as a result of changes in T, and N(Eg). It is
worth pointing out that o~! decreases in the Bi-2:1:2:2 compound with increasing
Y at Ca sites. Here the carrier density (and hence the metallicity) decreases with
increasing Y content unlike in the present case where Sr introduces more holes into
the system, thereby increasing the metallicity. The density N(Eg) of states varies
in the range 2-13 states eV~! cell as « increases {21}. The localization length of
the system in the VRH regime can be compared with the electronic mean free path
[22] { = 4wvp/wlp(x), where vy is the Fermi velocity and w, = (47ne?/m*)!/2
is the plasma frequency (m* and n are the effective carrier mass and concentration,
respectively). Figure 5 shows the localization length and mean free¢ path variation
with Sr concentration for 0 < « < 0.12 taking vp = 0.95 x 107 ¢m s~! and
hw (% =0) = 0.63 eV [20]. Initially both o' and [ increase slowly with increasing
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z up to 0.06. a~! increases sharply in the region of z = 0.06-0.08 where the
system is undergoing the insulator-to-metal transition and diverges as T, approaches
zero, ie. at the superconducting transition peint. The two curves intersect each other
near x = 0.07 which significantly is the experimentally observed range for the VRH
regime crossover from 3D to 2D in the system. Accordingly, for { < a™?, the system
corresponds to 2D VRH and the superconducting transition is observed while, for
a~! < {, 3D VRH is observed with no superconductivity.

Table 1. Quantitative data for the Lag—-SrzCuQy4..,, system (0 € x £ 0.4).

Sr content pa (250 K) TAR=10) Crossover lemperature Oxygen Effective Cu

z (mf? cm} X) K) content valence
0.00 530.00 — — 400 2.00
0.02 15.00 — 150 4.01 203
0.04 12.50 — 116 4.00 2.06
0.06 7.50 — 105 4.00 207
008 3.00 42 25 460 209
0.10 290 10.2 0 4.01 210
012 278 220 80 4.0¢ 211
0.13 245 2.0 70 ‘ 4.00 212
0.14 210 320 50 4.00 213
015 2.00 360 — 4.00 215
0.17 1.67 33.0 T - 399 2.16
0.19 1.63 3Lo0 - : 399 217
0.21 1.50 27.0 — - 398 2.19
0.25 1.41 19.0 = = 398 221
0.27 L13 9.0 — -— 397 223
0.31 110 — D= e . w396 224

0.40 0.81 — N : = 393 2.27

Of the different substitutions (at the Cu site) in the various high-T,_ cuprates, Zn
at the Cu site has been seen to have a drastic effect on T, and on the normal-state
behaviour [23, 25). Recent reports [23] have indicated the occupation of divalent
Zn in the Cu—O planar structure. T, depression and normal-state properties have
been found to be associated with carrier localization effects [26]. To explore this
aspect, different amounts of Zn doping in the La,__.Sr CuQ,_, system have been
attempted. Figure 6 shows the p versus T plots for the 1a; 381y ;,Cu,_ .70, 0y,
system with 0 < z’ < 0.04. The inset shows the T_(R = 0) behaviour with Zn
doping. The crossover temperature from metallic to semiconductor behaviour is seen
to increase with increase in Zn content. The p versus T curves in the semiconducting
regime could not be fitted well to equation (1), indicating that, while localization
may be there in the system, clear evidence for the VRH process is seemingly lacking.
The drastic rate of T, depression (13 K (at.%5)"!) by the Zn doping (inset) has
been seen for other high-T,, cuprates also [24]. The normal-state resistivity increases
with increasing Zn concentration and has been discussed in detail elsewhere [23).
Figure 7 shows the p versus T plots for the La, ,:Sr, ,;Cu,_,.Zn_,0,_, system with
0 £ ¢ € 0.08. For ' = 0 the sample possesses a T, of 19 K which decreases
with increasing Zn content. The T depression rate is similar (about 13 K (at.%)~})
to that for the z = 0.15 sample. p (250 K) again increases with increasing Zn
in the system. For z' = 0.05, the resistivity behaviour is metallic down to 4.2 K
while, for ¢’ = 0.06 and 0.08, the semiconducting-like behaviour occurs at low
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temperatures. For a Sr content of 0.25 which leads to more holes, more Zn is needed
to produce localization at lower temperatures. In the low-temperature range where
semiconducting behaviour occurs for the x = 0.06 and 0.08 samples, fitting with
equation (1) yielded a value of m close to 1. Figure 8 shows the p versus T plots
for the 1a, ,,Srg 3,Cuy_,+Zn,,O,_, system with 0 < =’ < 0.10. A pure sample
with = = 0 does not show any T, but the resistivity behaviour is completely metallic
down to 4.2 K. p,, however, increases with increasing Zn content. Up to 8 at.%
Zn in the system a metallic behaviour is observed down to 4.2 K, while the sample
with 10 at.% Za becomes semiconducting-like at low temperatures. It is interesting
to note that, for a Sr content of 0.30, to produce localization more Zn is needed
than in the z = 0.25 samples. This is attributed to there being more holes in the
x = 0.30 sample than in the » == 0.15 and 0.25 samples. This contention is further
strengthened by the results on La, ¢,Sry ,oCu,_..Zn,, O, _, system (figure 9). Here
the curve fitting to equation (1) in the semiconducting region also shows a 2D VRH
behaviour. All these results indicate that an intrinsic competition is taking place
between the increase in the hole concentration, resuiting from the increase in Sr
doping, and the enhanced localization produced by the increase in Zn substitution.
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