
PHYSICAL REVIEW B VOLUME 41, NUMBER 1 1 JANUARY 1990

Evolution and the concomitant disappearance of high-T, superconductivity
with carrier concentration in the La2 Sr„Cu04 s system (0.0 &x & 1.2):

Crossover from a Mott insulator to a band metal
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Electrical resistivity, magnetic susceptibility, thermogravimetric analysis, and infrared absorption
spectra of the compound La2 „Sr„Cu04q have been studied for a wide range of Sr concentrations
(0.0 x 1.2). The samples annealed at an oxygen pressure of 1 bar were stoichiometric (5=0.0) in
the range 0.0 & x (0.33. In this range the compounds are characterized by a decrease in the a pa-
rameter, an increase in the c parameter, and a maximum in the c/a ratio (at x =0.33) typical of the
formation of low-spin Cu'+ ions. In the range 0. 15 (x (0.33, the compounds show a positive tern-

perature coefficient of resistivity, decrease in the magnitude of the Pauli magnetic susceptibility, in-

frared oscillator strengths, thermopower S, as well as the Hall coefficient RH. The superconducting
transition temperature T, as well as the percentage Meissner fraction also decrease with x in this
range. In particular the stoichiometric x =0.33 composition having a hole concentration of -0.33
holes/Cu shows a minimum in the Pauli magnetic susceptibility and disappearance of all infrared
absorption bands. The superconductivity also disappears down to 4.2 K at this composition, even

though it is more metallic. These results have been attributed to the occurrence of a transition from
a highly correlated narrow-band "Mott conductor" to a broadband metal at high carrier concentra-
tions. At still higher Sr concentrations (0.33 &x (1.0), holes and oxygen vacancies coexist. The
decrease in the c/a ratio, increase in resistivity, reappearance of the infrared bands, and the Curie-

type magnetic susceptibility observed in the range 0.66 x 1.2 indicate the dominating role of ox-

ygen vacancies which induce disorder and localization.

I. INTRODUCTION

Since the discovery of high-temperature superconduc-
tivity' (T, )30 K) in the La-Ba (Sr)-Cu-0 system with

K2NiF4-type structure, several mixed valent metallic

copper oxides are known to show high-temperature su-

perconductivity. Most of these compounds have low-
dimensional structural features and show high anisotropy
in the electrical transport properties. The superconduct-
ing transition temperature T, depends on the oxygen
stoichiometry, carrier concentration, as well as dirnen-

sionality in these systems. The absence of high-T, super-
conductivity in some of the mixed valent metallic copper
oxides, for instance La4BaCu&O», seems to be associated
with the absence of low-dimensional structural features
in these compounds. Since the La2 Sr, Cu04 & system
is known to be stable in the K2NiFz-type structure (Fig.
1) for a wide composition range (0.0 & x & 1.33), this sys-
tern is ideally suited to study the effect of oxygen
stoichiometry and carrier concentration, on the magnetic
and electrical transport properties, particularly the super-
conducting transition temperature T, .

Even though a large number of studies have been car-
ried out in this system for the last two years, most of the
studies have concentrated only in the limited range of Sr
concentration where the high-T, superconductivity is ob-
served. In particular, these studies have shown that in

the range 0.05 (x (0.15 the T, increases from —10 to
38 K and further increase in x decreases the T, in this
system. The observed decrease in T, when x )0. 15 has
earlier been attributed to the formation of oxygen vacan-
cies. In fact, the earlier structural and thermogra-
vimetric analysis (TGA) studies ' have shown unambi-
guously that the system is stoichiornetric up to x -0.33
when the compounds are annealed at an oxygen pressure
of 1 bar. Recently Torrance et al. have been able to in-
crease the stoichiometric range in this system up to
x =0.40 by treating the compounds at an oxygen pres-
sure of 100 bar. Moreover, on the basis of percentage
Meissner effect, they have shown that in the metallic
stoichiometric samples (0.30&x &0.40) having a high-
hole concentration, the superconductivity "anomalously"
disappears down to 5 K.

In this paper we report our investigations on the
La2 Sr Cu04 & system in the normal state for a wide
range of Sr concentration (0 & x & 1.2). In particular, we
have studied the "anomalous" disappearance of high-T,
superconductivity at high-hole concentrations using ther-
mogravimetric analysis, electron diffraction, infrared ab-
sorption spectra, magnetic susceptibility, and electrical
resistivity. The results are correlated with their struc-
ture, oxygen stoichiometry, and carrier concentration
which, in turn, determines the superconducting transition
temperature in these systems.
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II. EXPERIMENT

FIG. 1. Relationship between the crystal structure of
La2Cu04 (a) (drawn as ideal K2NiF4-type structure with octahe-
dral coordination for Cu + ions) to that of Sr2Cu03, (b) with
square-planar coordination for the Cu'+ ions (from Ref. 15).

compounds Y2BaCu05, Ba02, and La4LiCu08 containing
isolated Cu +,"peroxide' and Cu + ions, ' respectively.
From this figure it is seen that the compounds containing
Cu + or 02 ions get reduced at a lower temperature
than those having Cu + ions, as expected from the redox
potentials. ' It also shows that the reduction takes place
in one step in the case of Ba02 and Y2BaCu05. A slight
initial increase in the weight on reduction of Ba02 sug-
gests a dissociative adsorption of hydrogen with the for-
mation of Ba(OH)z and a subsequent dehydration.

TGA data of the La2 Sr„CuO~ s [Fig. 2(b)] show
that for the parent x=0.0 compound, the reduction
takes place in one step, like that of Y2BaCuO~. But for
x &0.0 samples, the reduction is in two steps, indicating
different local effects associated with La + and Sr + ions
on the reduction process. In contrast to the x &0.33
samples the oxygen-deficient x & 0.5 samples show a pro-
pensity to absorb moisture and get hydrolyzed like
Sr2Cu03, ' when kept exposed in the ambient laboratory
atmosphere for a long time.

The TGA data also show that the compound
La2 „Sr„Cu04s is stoichiometric (5=0.0) in the range

La& „Sr„Cu04(0&x & 1.2) compounds were prepared
in air by grinding appropriate amount of La203, SrCO3,
and CuO ( )99.9%%uo purity) under acetone, and heating in
a platinum boat for 12 h first at 1200 K and then at tem-
peratures ranging from 1300 to 1475 K for 48 h, with in-
termittent grinding and pelletizing. For the compositions
having high Sr concentrations (0.33&x &1.2), heating
above 1400 K is essential for obtaining a well crystalline
single phase. These compounds are then annealed at 700
K for 12 h under an oxygen pressure of 1 bar. The x-ray
diffraction patterns of the compounds showed that all are
single-phase materials with tetragonal K2NiF4-type struc-
ture. The oxygen stoichiometry was determined by ther-
mogravimetric reduction in hydrogen using a Sartorius
microbalance as well as chemically by iodometric titra-
tion. In the former method it is assumed that only the
copper would undergo reduction to the metallic state so
that from the weight loss one could calculate the oxygen
stoichiometry. Both the methods gave nearly identical
results. The TGA results are fairly independent of parti-
cle size ( &40 microns), flow rate of hydrogen (5—20 ml
per minute) and the heating rate (1—5 K per minute) em-
ployed.

X-ray diffraction patterns were recorded with a JEOL-
Sp diffractometer using Cu Ku radiation. Magnetic sus-
ceptibility was measured by the Faraday method using a
Cahn-RG electrobalance down to 14 K. Electrical resis-
tivity was measured by the standard four-probe method.
Infrared spectra were recorded using a Perkin Elmer
spectrometer. Electron diffraction pattern and the lattice
image were obtained using a JEOL 200 CX electron mi-
cr oscope.
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III. RESULTS AND DISCUSSION

A. Oxygen stoiehiometry

In Fig. 2 we compare the TGA results of the
La2 „SrCu04 z system in hydrogen, with some model
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FIG. 2. TGA data of Y28aCu05, Ba02, and La4LiCu08 (a)
and some members of the La& „SrCu04 q (0.0 (x & 1.2) series
(b) reduced in the hydrogen atmosphere.
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FIG. 3. Evolution of the hole concentration as a function of
x in the La2 „Sr„Cu04z system. The open and solid circles
are from Ref. 9, the open squares from Ref. 8, and the open tri-
angle gives the simulated result as described in the text.

(0.0 &x &0.33), and the number of holes increase linear-
ly with x, when the samples are annealed at an oxygen
pressure of 1 bar (Fig. 3). At higher Sr concentrations
(0.33&x &1.0) the percentage of holes remain almost
constant (-30%). This has also been confirmed by the
chemical analysis, employing iodometric titration. This
saturation of hole concentration at higher values of x
(0.33 & x & 1.2) is due to the creation of oxygen vacancies
as evidenced by the electron diffraction. For example,
the electron diffraction pattern of the La0SSr& 2Cu04 &

samples along the (001) direction [Fig. 4(a)] shows super-
structure [(SX) a K2NiF4] refiections due to ordering of
oxygen vacancies in the a-b plane. Further evidence for
the ordering of oxygen vacancies is seen in the lattice im-
age [Fig. 4(b)] obtained along the [001] direction for this
compound. The image shows fringes of —18 A width
corresponding to [(5X ) a K2NiF4].

We have been fairly successful in simulating the oxy-
gen loss from the samples in the range 0.0(x &1.0, by
putting the constraints that (a) the Sr + and La + ions
are distributed randomly on the lattice sites and (b) the
oxygen defect appears between two copper sites when it is
linked to two adjacent Sr + ions as in Sr2Cu03. ' Al-
though the simulation does not take into account any
dependence on the partial pressure of oxygen, we find
that stoichiometric compounds are formed at low values
of x and oxygen defects become appreciable when
x )0.30 (Fig. 3), in agreement with our experimental re-
sults. At low values of Sr concentrations, the probability
of two Sr ions coming adjacent to each other is small,
hence stoichiometric compounds are formed in this limit.
An increase in this probability at higher Sr concentra-
tions, increases the oxygen defect concentration. The
agreement of the simulated result with experiment sug-
gests that the loss of oxygen takes place from the a-b
plane as Cu-V-Cu (V indicates an oxygen vacancy) similar
to that of Sr2Cu03. The data of Nguyen et a!. show
that the Sr2Cu03 phase, in fact, separates out when
x ) 1.33. This model therefore supports the localization
of oxygen vacancies in the a-b plane, as evidenced by the

electron diffraction studies (Fig. 4). In fact, the ability of
a Cu + ion to take different coordination number and
geometries plays an important role in stabilizing the oxy-
gen defect structures in these systems.

The observed "intercalation" and "disintercalation" of
oxygen in these systems can be accounted for by the rela-
tive change in the crystal-field splitting, and hence the
change in the d-orbital energies, as a function Cu—0
bond distance. In the La2 „SrCu04 & system the "in-
tercalation" of oxygen takes place in the basal plane, The
Cu + ion has its one unpaired electron in the energetical-
ly unfavorable d 2 2 orbital in the elongated octahedral

x —y
or square-planar geometry. On oxidation, or "intercala-
tion" of oxygen in the basal plane, the a parameter de-
creases and the Cu-0 hybridization increases. The resul-
tant increase in the crystal-field splitting destabilizes the
unpaired electron in the d 2 2 orbital, which facilitates

x
the metal to ligand charge transfer to form low-spin
Cu + ions. ' In the reverse process, the reduction or
"disintercalation" of oxygen from the basal plane, stabi-
lizes the d 2 & orbital which favors the ligand to metalx
charge transfer and the formation of Cu + ions.

B. Structural properties

The lattice parameters, c /a ratio, and the molar
volume of the series La2 „Sr„Cu04& (0.0&x & 1.2) are
plotted in Figs. 5 and 6, respectively. The lattice parame-
ters of the compounds obtained by us are in good agree-
ment with those reported earlier. ' In the range
0.0&x (0.33 the c parameter increases gradually while
the a parameter shows a decrease. The samples annealed
in 1 bar oxygen show a maximum in the c/a ratios
around the composition x =0.33, up to which there is no
oxygen deficiency. For a given value of x, the c parame-
ter decreases on the removal of oxygen. When x &0.33
both the a and c parameters decrease. The decrease in
the c parameter is found to be large compared to that of
the a parameter.

The most revealing change in the structural feature
with an increase in x is the increase in the c/a ratio ob-
served in the range 0.0 &x &0.33 where there is no oxy-
gen deficiency. The increase in the c/a ratio with x in
this range is dependent on two factors: (i) the relative
size of the substituent ions and (ii) the change in the Cu-
0 network in going from Cu + ions to low-spin Cu +

ions. The substitution of La + ions by a slightly larger
Sr + ions increases the c parameter, but the a parameter
is affected little since it is determined by the Cu—0 bond
distance in the a-b plane. The second factor is the forma-
tion of low-spin Cu + ions by the substitution of divalent
Sr + ions for trivalent La + ions for charge balance in
the stoichiometric compounds. The Cu + ions are
known to be stable in square-planar or elongated octahe-
dral geometry. ' ' Their metal-ligand bond distances in
the basal plane are short compared to the corresponding
Cu + compounds. ' Thus, the oxidation of Cu + to
Cu + decreases the a parameter (Cu—0 bond distance in
the a bplane) and in-creases the c parameter (Cu—0
bond length along the c axis) which increases the c/a ra-
tio. In La4LiBOs (8=Co, Ni, and Cu) the c/a ratio is
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largest when 8=Cu ion. ' The increase in the c/a ra-

tio found by substituting Ca + ions, which have a small-

er ionic radius than La + ions, in the La2 „CaCu04
samples indicate that the second factor dominates over
the first one in these systems.

Moreover, the lattice parameters of the
La2 Sr Cu04 z system do not obey Vegard's law' of
solid solution even in the limited range 0.0 x 0.33

where there is no oxygen vacancy. This also suggests
that the electronic factors, for instance the change of
valence of copper, play a dominant role in determining
the nature of the Cu-0 network on Sr substitution. In
this respect the creation of Cu + decreases the a parame-
ter and increases the c parameter which increases the c/a
ratio. The percentage change in the a parameter is also
consistent with the creation of the hole on copper when

cjoy

V

FIG. 4. Typical electron diffraction pattern (a) and lattice image (b) obtained for the x =1.2 sample along the [001] direction
0

showing (5 X ) a K2NiF4 superlattice and —18 A fringes.
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we compare the Shannon-Prewitt radii " for Cu + and
Cu + ions. The minimum in the molar volume around
x =0.15 indicates that the decrease in the a parameter
dominates more than the increase in the c parameter up
to this composition.

The decrease in the c/a ratio for x & 0.33 is to be asso-
ciated with the formation of oxygen vacancies. For the
samples annealed at an oxygen pressure of 100 bar, the
oxygen vacancies appear only above x =0.40 and the c/a
ratio increases up to x =0.40 and then it decreases. The
x )0.66 samples have a c/a ratio less than that of
La2CuO~ itself but greater than that of Sr2CuOs [Sr2CuOi
has an orthorhombic structure, ' so for comparison we
define c/a as 2c/(a+b)]. With the increase of oxygen
vacancies, the coordination number around Cu + ion
changes from 6 to 5 and then to 4. This changes the
coordination geometry around the Cu + ion from
elongated octahedra to square pyramidal and eventually
to square planar. This results in a change in the orbital
ordering like that in Sr2Cu03, which decreases the Cu—
0 bond distance along the c axis from -2.4 A observed
in the Cu06 octahedral geometry ' of LazCu04 to —1.96
A in the square-planar geometry' of SrzCu03. The loss

of oxygen from the basal plane can also increase the axial
Cu-O, interaction along the c axis and decrease the c pa-
rameter.

C. Infrared transmission studies

1. Studies with model compounds

The infrared (ir) transmission spectral features of
structurally related copper oxides such as Ca2Cu03,
La~LiCuOs, ' Sr2Cu02Clz, and NdzCu04 (Ref. 24) are
shown in Fig. 7, with special reference to the stretching
frequency versus Cu—0 bond distance. The infrared
spectra of a variety of copper oxides with different Cu-
0 distances (MgCu203, Ba2C304C12, BizCu04, and

Y2BaCuO&) shows that the highest-frequency ir band in

these copper oxide compounds seems to be inversely re-
lated to the short Cu—0 bond distance (Fig. 8). For in-

stance, La2Cu04, Ca2Cu03, and La4LiCu08, which have
short Cu—0 bond distances ' ' ( ( l. 90 A), show a
high-frequency band around 670—690 cm '. This high-
frequency band is absent in compounds such as Sr2Cu03,
Sr2Cu02C12, and Nd2Cu04 with longer Cu—0 bond dis-
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FIG. 5. Variation of the a (a) and c parameters as a function
of x for the La2 „Sr„cn04s system. [The open triangles in (a)
and open circles in (b) are from Ref. 8].

FIG. 6. Evolution of the molar volume (a) and the change in

the e/a ratio {b) as a function of x in the La2 Sr Cu04 z sys-

tem (the open circles are from Ref. 8).
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tances. ' ' ' We also note that the highest ir stretching
frequency of the La4LiCu08 having a short Cu—0 bond

0
distance of —1.865 A is higher than that of La2Cu04
which has a relatively long Cu—0 bond distance —1.90
A. This suggests that an increase in the force constant
with the decrease in the Cu-0 bond distance shifts the ir
stretching frequency to higher values.
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2. Laq „Sr„CuO&&system

We have studied the changes in the infrared spectra of
the compound La2, Sr, Cu04 & as a function of x
(0.0 ~ x ~ l.2). The infrared spectra in the region
1000—300 cm ' of these compounds are shown in Figs. 9
and 10. The x =0.0 sample shows three ir bands at 675,
510, and the 360 cm '. In the range (0.08~x ~0.20)
the high-frequency 675 cm ' band disappears (Fig. 14)
and the two low-frequency (510 and 360 cm ') ones sur-
vive. All the ir bands disappear on further increase in x
(0.25 (x (0.50). When x )0.5, the infrared bands reap-
pear. What is interesting is the reappearance of all the ir
bands, including the high-frequency band around 675
cm ' for the x =0.66 sample, which show metallic elec-
trical resistivity behavior. But the frequency of these
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FIG. 8. Variation of the highest Cu-0 stretching frequency
with Cu—0 bond distance in some model copper compounds.

bands does not change much in the range 0.5 &x &0.83.
For x & 0.83 the frequency of the band around 670 cm
decreases with increasing x while the frequency of the
band around 510 cm ' increases with increasing x.

In the La2 Sr, Cu04 z system the high-frequency
band around 675 cm ' has been assigned to an in-plane
stretching E„mode where the Cu-0 distance is short,
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while the other low-frequency bands around 510 and 360
cm ' could correspond to an out-of-plane A2„stretching
mode. The disappearance of the 675 cm ' band in the
Laz „Sr„Cu04system in the range (0.05 &x &0.20) can
then be attributed to the metallization in the a-b plane
since the free electron couples more to the E„modes than
to the A2„modes. In this interpretation, the 510 and 360
cm ' bands which survive in the superconducting
x =0.15 and 0.20 samples could be attributed to the out-
of-plane A 2„modes since the compounds show insulating
behavior perpendicular to the a-b plane. Single-crystal
studies on La2Cu04 show the 360 cm ' band to have a
polarization in the a-b plane. The persistence of this
band in the superconducting samples would then suggest
that the 360 cm ' band could be associated with the in-
plane La-O, stretching mode in the insulating La-O,
layers.

The disappearance of both the in-plane and out-of-
plane infrared absorption bands for the x =0.33 composi-
tion is reminiscent of the disappearance of all the infrared
absorption bands in the metallic side of the Insulator-
Metal transition boundary ' of the three-dimensional
perovskites. The disappearance of high-T, superconduc-
tivity around this composition may then be linked to
such isotropic band metallization.

The survival of all the ir bands, including the band
around 675 cm ' for x =0.66 composition which shows
a metallic electrical resistivity behavior, would suggest a
compositional as well as an oxygen inhomogeneity. This
can result in the formation of La-rich metallic and oxy-
gen deficient Sr-rich insulating regions within the
K2NiF4-type structure. Such a compositional inhomo-
geneity seems possible since the compound can exist in a
wide composition range with varying oxygen content in
the K2NiF4-type structure, with close thermodynamic
stability.

The observed broadening and shifting of the ir bands at
higher Sr concentrations x &0.66 indicate the possibility
of different local coordinations for copper. With increas-
ing x the highest-frequency band shifts to lower values
despite a decrease in the a parameter. This behavior can
be qualitatively understood if we assume that the oxygen
vacancies are distributed randomly in the a-b plane, so
that overall one obtains a tetragonal structure. This be-
havior is similar to the tetragonal LnBa2Cu&07 &

com-
pounds which have the oxygens disordered in the a-b
plane. The Cu-V-Cu distance is expected to be smaller
than the Cu-0-Cu distance as observed in SrzCuOz. ' An
increase in Cu-0 distance in the basal plane decreases the
stretching frequency, but the simultaneous increase in the
number of oxygen vacancies at higher values of x de-
creases the overall a parameter. The decrease in the fre-
quency would then be similar to that observed on going
from Ca2CuO& with short Cu-0 distance to Sr2Cu0& with
long Cu-0 distance.

0.5
D. Magnetic susceptibility studies
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We have carried out a magnetic susceptibility study on
the oxygen annealed samples in the range (0.0& x & 1.2).
The magnetic susceptibility of LazCu04 (x =0.0) is
small ' (-0.5ps at 300 K) and weakly temperature
dependent at high temperatures. But at low temperatures
the susceptibility shows a relatively large temperature
dependence. The temperature dependence of the suscep-
tibility shows a maximum around 250 K (Ref. 32) which
has been attributed to three-dimensional antiferromag-
netic ordering and has been confirmed by neutron
diffraction studies. ' It is known that as the Sr concen-
tration increases, the long-range antiferromagnetic order
rapidly disappears and it becomes "Pauli" paramagnet-
ic. The x =0.0 sample shows a strong field dependence
in the susceptibility which persists until high tempera-
tures. The field dependence has also been observed in
single-crystal studies on La2Cu04.
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FIG. 10. Evolution of the ir spectrum as a function of x in

the range (0.5 (x &2.0).

1. 0.08&x (0.33

The temperature variation of the magnetic susceptibili-

ty of some members of the La2 „Sr„Cu04series
(0.0&x 0.33) are shown in Fig. 11. The magnitude of
the susceptibility at 300 K shows a maximum around
x =0.15 and a minimum around 0.33 (Fig. 11 inset). No
field dependence has been observed in the x &0. 15 sam-
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(0.0&x &0.33). The inset shows the variation of the Pauli mag-
netic susceptibility as a function of x at 300 K.

observed decrease in the magnitude of Pauli susceptibility
relative to the x =0.15 composition by half in the metal-
lic x=0.33 sample could be attributed to a transition
from a highly correlated narrow-band Mott-conducting
regime to a broadband metal. This transition from a
highly correlated narrow-band metal to a broadband met-
al occurring at this composition (x =0.33) decreases the
density of states (DOS) at EF which decreases the Pauli
magnetic susceptibility. In fact, this transition occurring
at x =0.33 suppresses the superconductivity down to 4.2
K in this system.

ples. In the range 0.08 x 0.20 the compounds show a
weak temperature dependence in the susceptibility at low
temperatures, like that of the parent compound La2Cu04.
The onset of the temperature dependence shifts to lower
temperatures as x increases. When x & 0.20 the suscepti-
bility becomes temperature independent (true Pauli type)
down to 14 K. Even though the Pauli susceptibility in-
creases with x up to x =0.15, a significant decrease in the
magnitude of the Pauli susceptibility has been observed
when x &0.15. In fact, the magnitude of the Pauli sus-
ceptibility of the x =0.33 sample is -58 X 10 emu/mol
at 300 K. This is only half of the observed Pauli suscepti-
bility of the x =0.15 composition. Moreover, the sam-
ples in the range 0.15 x 0.20 have the highest Meiss-
ner fraction at 14 K with an onset of a diamagnetic con-
tribution below 36 K (Fig. 12). The onset of the Meissner
effect close to 36 K (Ref. 9) and a decrease in the Meiss-
ner fraction with increasing x in the range
0. 15&x ~0.25 suggest a compositional inhomogenity
which is similar to that observed in the superconducting
Li, + Ti2 04 system.

The observed increase in the Pauli magnetic suscepti-
bility with x in the range 0.08 ~ x ~ 0. 15, and the
enhancement of the Pauli susceptibility at low tempera-
tures is similar to that observed in the case of
YBazCu307 & samples in the range 0.0&5&0.5. This
enhancement of the Pauli susceptibility can be attributed
to the presence of highly correlated charge carriers in a
narrow d band. ' The temperature dependence of the
thermopower' ' at this composition range is also con-
sistent with strongly correlated charge carriers. But the

2. 0.5~x ~1.2

All these samples show a temperature-dependent
Curie-type susceptibility below room temperature (Fig.
13). The temperature dependence and the C value in-
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FIG. 13. Temperature dependence of the inverse magnetic
susceptibility for the range 0.50&x &1.2. The inset shows the
EPR spectrum of the x = 1.2 sample at 300 K.
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E. Electrical transport properties

We have studied the electrical transport properties of
the La2 „Sr„CuO~s (0.0~x ~1.2) system down to 14
K. The x (0.05 samples are not superconducting down
to 14 K. Superconducting transitions were observed in
the range 0.08~x ~0.25. T, shows a maximum (36 K)
around x =0.15 (Fig. 14). In the composition range
0.33 ~x 0.66 the compounds show a positive tempera-
ture coefficient of resistivity typical of a normal metal
(Fig. 14). A linear temperature dependence of resistivity
has been observed in all the metallic samples down to 14
K. In the Bloch-Gruneisen form for resistivity, deviation
from linear behavior occurs below T-0.58D (the Debye
temperature). Hence, a Debye temperature of -300-400
K for these systems may suggest that the Bloch-
Gruneisen behavior is not valid in these metallic low-
dimensional copper oxide systems. But it is interesting to

TABLE I. Magnetic susceptibility data for the
La2 Sr, Cu04 q system for different x values at 300 K.

C
(emu K mol ')

m

( 10 emu mol ')

0.08
0.15
0.20
0.25
0.33
0.50
0.66
0.83
1.00
1.20

0.001
0.0005

0.008
0.020
0.024
0.030
0.040

105
145
90
80
58
85
45
35

5

crease with increasing x (Table I). The susceptibility be-
havior can be expressed in terms of an expression of the
type X=(C/T)+m, where the values of C and m deter-
mine the temperature-dependent Curie-type susceptibility
and temperature-independent Pauli susceptibility, respec-
tively. The values of C and m, which give the best fit for
our data, are given in Table I. The value of C goes
through a minimum around x =0.33 and the value of m

shows a maximum around x =0.15—0.20. When
x &0.33 the magnitude of C increases with increasing x
and reaches 0.04 emu K/mol for the x =1.2 sample. In
fact, there is a direct correlation between the d and C
values which increases with an increase in d. The EPR
studies on these samples show a signal characteristic of
Cu + ions in square-planar coordination (Fig. 13 inset).
The concentration of isolated Cu + spins calculated from
the integrated intensity of the EPR signal agrees well
with the C value obtained from the magnetic susceptibili-
ty studies. This is consistent with the creation of isolated
Cu + ions due to the creation of oxygen vacancies in the
Cu-0 plane. But the large reduction in the magnitude of
the susceptibility, from that expected for an S=

—,
' system,

can be attributed to the existence of a high antiferromag-
netic correlation due to the 180 Cu-0-Cu superexchange
interaction as observed in Ca2Cu03, Sr2Cu03, and other
ternary copper oxides. '
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FIG. 14. Temperature variation of the electrical resistivity

for the samples with different Sr concentrations in the range
(0.08 & x &0.66).

note that the temperature-dependent electrical resistivity
of the three-dimensional metallic perovskite
La4BaCu50]3+$ shows a deviation from linearity
below 100 K. At higher values of x (0.66&x ~ 1.2) the
compounds show semiconducting resistivity behavior
with a pronounced negative temperature coefficients of
resistivity (TCR) (Fig. 15). The TCR changes sign when
the value of the resistivity reaches -2X10 ohmcm.
This is the value at which the TCR changes sign in most
of the oxide systems undergoing an insulator-metal transi-
tion.

The electrical transport properties of these copper ox-
ide systems can be rationalized in terms of large U. The
parent compound La2Cu04 having Cu + ions in the
elongated octahedral symmetry of the oxide ligands, has
one unpaired electron in the 3d» orbital which is hy-

x —y
bridized with the 0:2p orbitals and the band is half-

filled. If the on-site Coulomb correlation U is large corn-

pared with the bandwidth (zt), where z and t are the
coordination number and the transfer integral, respec-
tively, the originally half-filled antibonding (Cu:3d &

O:2p ) band of the parent compound La2CuO4 splits
into lower (full) and upper (empty) Hubbard bands with a
Coulomb gap and it is in the Mott-Hubbard insulating
limit. At a low level of Sr doping (0.08+x ~0.2), holes
are created in the lower Hubbard band which are
itinerant and it becomes metallic. But the persistence of
a Coulomb gap in the c direction at this doping range can
account for the high anisotropy in the transport proper-
ties and the two-dimensional metallization. An increase
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senuconducting resistivity behavior (x &0.66) at higher
Sr concentrations is consistent with the localization of
charge carriers due to oxygen vacancies. The creation of
oxygen vacancies in the a-b plane induce disorder and

when it exceeds a certain critical value the carriers be-

come localized. This critical disorder seems to occur
around x-0.66 in this system. The observed semicon-

ducting behavior for x )0.66 samples and the absence of
superconductivity in this composition region could then

be associated with the strong localization effect due to the
creation of oxygen vacancies in the a-b plane which des-

troys metallicity and superconductivity.

IV. GENERAL REMARKS
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FIG. 15. Temperature variation of the electrical resistivity
for the samples with different Sr concentrations x in the range
(0.83 (x (1.20).

in the number of holes as well as the transfer integral (due
to the decrease in the a parameter) at high Sr concentra-
tions (0.15&x &0.33) increases the bandwidth and the
Coulomb gap can vanish altogether and it can become a
quasi-three-dimensional band metal around the composi-
tion x =0.33 (Fig. 16). The T, also decreases with x in

this range and the superconductivity vanishes around the
composition x =0.33 where a possible electronic dimen-
sionality crossover occurs. We have confirmed the van-
ishing of superconductivity at this composition down to
4.2 K.

The observed increase in resistivity (x &0.33) and the

We have summarized our results on the electrical
transport properties of the La2 Sr„Cu04 & system in
Fig. 17. The electrical resistivity data of the parent com-
pound LazCu04 (x =0) has been rationalized in terms of
an antiferromagnetic Mott-Hubbard insulator, with a
correlation gap. Although polycrystalline La2Cu04
shows semiconducting resistivity behavior, the single
crystals show high anisotropy in the resistivity. Perpen-
dicular to the a-b plane it has a semiconducting resistivi-
ty behavior but the samples having a resistivity -0.1

ohmcm show metallic resistivity behavior along the a-b
plane. This would then mean that the temperature
dependence of the electrical resistivity in these low-
dimensional polycrystalline samples are affected by the
high anisotropy in the conductivity.

A linear increase in the number of charge carriers ob-
served by Hall-effect measurements in the range
0.0 x ~0. 15 has been attributed to the presence of a
Coulomb gap at the Fermi level. Our magnetic suscep-
tibility, electrical resistivity, and particularly, infrared re-
sults support such an interpretation. A linear increase in
T, with hole concentration is valid only in the range
(0.0 &x & 0. 15) where there is a Coulomb gap at EF. The
disappearance of this Coulomb gap at a high-hole con-
centration can affect the nature of electronic conduction
and drives the system to a nonsuperconducting metallic
phase.

Hence, the disappearance of high-T, superconductivity

Q- 2
x -y

——E F
F

Q 2 2 g 2

(a) (b)

DOS

(c) (d)

FIG. 16. Schematic band diagram proposed for the La2 „SrCu04 system. (a) x =0.0, (b) x =0.15, (c) x =0.20, and (d) x =0.33.
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at high-hole concentrations could be associated with a
change in the nature of electronic conduction, namely,
from a highly correlated "Mott conductor" (at low-hole
concentrations) to a broadband metal (at high-hole con-
centrations) due to the band broadening effects and the
concomitant vanishing of the Coulomb gap. This disap-
pearance of the Coulomb gap in the c direction can possi-
bly also lead to a dimensional crossover from two-
dimensional to quasi-three-dimensional metallization
which suppresses the T, . A rapid decrease in the Hall
coefficient RH above x )0. 15, decrease in the mag-
nitude of room-temperature resistivity, Pauli magnetic
susceptibility, and the disappearance of all the ir bands
around x =0.33 are typical of the behavior expected for a
broadband three-dimensional metal. This suggests that
although the system preserves a two-dimensional lattice
for a wide composition range (0.0&x & 1.33), a change
in the carrier concentration, transfer integral, and
electron-electron correlation, etc. , can change the elec-
tronic structure as well as the topology of the Fermi sur-
face which changes the electrical transport in these sys-
tems. The absence of high-T, superconductivity in some
of the metallic copper oxides which does not have a low-
dimensional structure (La& „Sr,+„Cu206+s and
La4BaCu50]3+/) also suggests the importance of low-
dimensional electronic structure for high-T, supercon-

ductivity in these systems. The increase in resistivity, in-
crease in Curie constant, and reappearance of all the ir
bands at higher values of x (0.5&x &1.20) which have
relatively high-hole concentrations ( -30%) suggest
disorder-induced localization due to the creation of oxy-
gen vacancies.

In conclusion, our results on La2 „Sr„Cu04& suggest
that a linear increase in T, with hole concentration is val-
id as long as the system has a two-dimensional character.
The disappearance of high-T, superconductivity in the
metallic, stoichiometric samples with high-hole concen-
trations is related to the transition from a highly correlat-
ed "Mott conductor" to a broadband metal due to the
disappearance of the Coulomb gap. This can also possi-
bly change the anisotropic two-dimensional transport and
the system can become a quasi-three-dimensional metal.
Disorder-induced localization of charge carriers is ob-
served at higher Sr concentrations due to the creation of
oxygen vacancies in the Cu-0 plane.
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