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Correlation of T, with hole concentration in La2 — Sr Cu04 —b superconductors
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The electron deficiency (hole concentration) in the La2 —„Sr„Cu04—b system is determined by a
chemical method. Our results show a direct correlation between T, and hole concentration. The
hole concentration equals the Sr concentration to about x =0.15. For x & 0.15, the hole concen-
tration decreases and oxygen vacancies are formed. These results strongly support an all-
electronic mechanism for superconductivity in this system.

Since the discovery of superconductivity in the La-Ba-
Cu oxides by Bednorz and Muller ' a number of similar
copper-oxide-type materials have been shown to be
high-temperature superconductors. For example,
YBa2Cu309 —q with a transition temperature T, =90 K
(Ref. 2) is of intense current interest. However, from a
purely scientific point of view, the La2-„(Ba,Sr)„Cu04-s
series has a major advantage over the 90-K system be-
cause of the large solubility of divalent ions such as Ba
and Sr, whose concentrations can be systematically varied
to control the state of the copper-oxygen interactions, and
hence the physical properties.

The series La2 Sr Cu04 b with the K2NiF4-type
structure, was studied in considerable detail even before
they were known to be superconductors. Pure
La2Cu04 is orthorhombic but the substitution of Sr for La
stabilizes a tetragonal phase and forces an equivalent
number of Cu + to be converted to Cu +. It is generally
accepted that the transport properties are strongly a func-
tion of the Cu +-Cu + ratio. The Sr-doped samples for
x & 0.06 were shown to be superconductors with a max-
imum transition temperature at about 36-38 K when
x = —0.15.

The work we report here is an extension of these earlier
studies and shows that the superconductivity is related to
the electron deficiency (hole concentration) in the
copper-oxygen layer. These results are consistent with re-
cent nonphonon theories of oxide superconductivity based
on strongly correlated electrons' or dynamic peroxide
formation. "

The La2 „Sr„Cu04q compounds were prepared from
the nitrates. Copper metal (99.9999% purity), assayed
La203, and SrC03 were each dissolved in nitric acid and
combined in the desired proportions by standard
volumetric techniques. The solutions were evaporated and
converted to oxides by heating in oxygen. Although the
reaction to the K2NiF4-like phase was essentially com-
plete at 850 C, they were again reground and pressed
into pellets and sintered at 1140-1180 C in oxygen, then
annealed at 550-600 C. In order to avoid crucible con-
tamination during the high-temperature sintering, the pel-
lets were supported on powders of identical composition in
high-density alumina boats. The resulting materials were
characterized as follows: by x-ray difI'raction, microprobe
analysis, and phase-contrast microscopy. The total copper

was determined by inductively coupled plasma atomic
emission spectroscopy. The electron deficiency, which we
call the hole concentration and refer to as a [Cu-0]+
complex rather than Cu +, was determined by wet
chemistry according to the reaction [Cu-0] +

+Fe + =Cu ++Fe ++0 . For the La-Sr-Cu oxides,
the finely powdered materials were dissolved in 6N H2S04
containing standardized 0.04N Fe +. After the addition
of H3P04 the remaining Fe + was determined by titrating
with standard 0.04N KMn04. '

The fact that these materials are metals, even in the
nonsuperconducting state, implies nonionic-type bonding
without well-defined Cu + species on any given lattice
site. Therefore, we assume the electron deficiency to be
distributed between the copper and oxygen ions to form a
complex of the type [Cu +-0 -]+ [Cu +-0' ]+. The
latter can be thought of as a peroxide complex. " This
electron-deficient complex, which we write as [Cu-0]+,
like a Cu + ion, is a good oxident and easily oxidizes fer-
rous iron to ferric. On the other hand, the Cu + ion will
not do so. Attempts to determine the accuracy of this
analytical procedure were hampered because of the lack
of a good Cu + standard. However, based on favorable
reduction oxidation potentials and using stable volumetric
solutions, we believe that the actual hole concentration is
being measured. Supporting evidence for the reliability of
our analysis in determining the concentration of the [Cu-
0]+ complex is based on a total oxygen determination as
done by Nguyen. Here, dry hydrogen is used to reduce
the copper in the La-Sr-Cu oxides to the metal. The La
and Sr are assumed to remain as their stoichiometric ox-
ides, i.e., La203 and SrO, so that the weight loss is due to
the oxygen associated with the copper. When we compare
these results for total oxygen with our chemical method,
there is good agreement. For example, the sample with
x =0.06 had an oxygen content of 3.99 + 0.02 and
3.98 ~ 0.03 for the solution and H2 reduction methods, re-
spectively.

At room temperature the orthorhombic La2Cu04 trans-
forms to tetragonal at x = —0.06, in general agreement
with previous work. Further, for the tetragonal phase,
ao decreases with x while eo increases. The small
difference between the values we obtained for the lattice
constants and those reported earlier are likely due to a
different preparation procedure and subsequent thermal
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history. It is clear from Fig. 1 that the cell volume Vo
does not change linearly with Sr doping. There is a sharp
decrease around the x(Sr) =0.15 composition. In Fig. 1

(closed triangles), we show the variations in oxygen
stoichiometry obtained from our compositional analysis.
It is seen that an oxygen stoichiometry of O4 is essentially
maintained, meaning there are few, if any, oxygen vacan-
cies for compositions from x=0 to about x =0.15. For
compositions with x & 0.15, the measured decrease in the
[Cu-0] + concentration indicates a decrease in the oxygen
content —and therefore an increase in the number of oxy-
gen vacancies. Also given in Fig. 1 are the data of
Nguyen, Choisnet, Hervieu, and Raveau (open trian-
gles). The rather sharp decrease in the cell volume at
x =0.15 —0.20 (Fig. 1) can be correlated with the
oxygen-vacancy content, determined from the [Cu-0]+
concentration, which increases sharply above x =0.15.
This decrease is due to both the oxygen vacancies and the
presence of the [Cu-0] + complex, whose size is undoubt-
edly smaller than the Cu + ion. It appears that when
about 15% of the "octahedral" sites are occupied by [Cu-
0]+, in order to maintain the K2NiF4 structure, oxygen
vacancies are formed, rather than additional [Cu-0]+
complexes.

Figure 2 shows T, vs the Sr + concentration (closed tri-
angles) and the [Cu-0]+ concentration versus the Sr2+
(closed squares). This clearly shows that up to about
x =0.15 a [Cu-Ol+ is formed for each Sr + that substi-
tutes for La +. Surprisingly, however, for Sr + concen-
trations greater than 0.15, a decrease in the [Cu-0]+ con-
centration is seen and the number of oxygen vacancies in-
creases sharply. In this range we see a similar decrease in
Tc ~

In Fig. 3 we plot T, vs [Cu-0]+ concentration and see a
strong dependence of T, on the [Cu-0]+ concentration
with a maximum T, of 35 K for [Cu-0]+ concentration
of 15% of the total copper. It is clear that the [Cu-0]+
concentration and not the Sr doping determines the T, . T,
increases rapidly above a [Cu-0]+ threshold, i.e., about
5%, and reaches a maximum at roughly 15%. It appears
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FIG. 2. T, (closed triangles) and [Cu-0]+ concentration
(closed squares) vs strontium concentration (x). Error bars in-

dicate transition widths. Points without error bar did not show a
transition down to 5 K.
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that 15%-16% [Cu-0]+ concentration is the maximum
that this structure will accept.

In order to see if the relationship between T, and [Cu-
0]+ concentration in the La2 —„Sr„Cu04system can be
extended to the YBa2Cu309 —b system, we have replotted
the La2 „Sr„Cu04s system data together with the re-
sults for one YBa2Cu30s s sample (dot in Fig. 3 inset). In
the YBa2Cu3066 structure there are two diff'erent copper
layers, one between the barium planes and two between
yttrium and barium planes. If only one or two layers are
active then the ratio of [Cu-0]+ to active Cu is given by
the crosses labeled 1 and 2, respectively, in the inset. An
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FIG. l. Cell volume (closed circles) and oxygen content
determined from our analysis of [Cu-0]+ (closed triangles) vs

strontium concentration (x). The open triangles are data from
Nguyen er al. (Ref. 5) as determined by hydrogen reduction.

FIG. 3. T, vs the hole concentration [Cu-0]+, as a fraction
of total copper. Down triangles are for compositions with
x & 0.15, up triangles are for x )0.15. Inset shows same data
plus points for a single YBa2Cu066 sample with three normali-
zations. See text.
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extrapolation of the La2 —„Sr„Cu04—s data does pass
within the range of values for YBa2Cu3066, indicating
that the same relation between T, and hole concentration
might apply in this system too.

Our samples with strontium concentrations of x up to—0.15 and containing a corresponding amount of [Cu-
0]+ were more reproducible and stable than those for
x &0.15. Because of increased diff'usion rates in the
vacancy-containing samples, the [Cu-0]+ complex is less
stable and is perhaps reduced in dry air by the loss of oxy-
gen or by the reaction with water under ambient condi-
tions. For example, the sample with x =0.27, which when
measured 12 h after preparation had a T, and [Cu-0]+
concentration of 31 K and 9.8% respectively. After stand-
ing in He gas for 64 h, T, dropped to 23 K and [Cu-0]+
concentration to 7.4%.

La2Cu04 contains a small concentration (1%-5%), of
[Cu-0]+. More detailed analysis of samples prepared
close to the nominal composition La2Cu04 showed a
strong preference to form with La deficiencies and to have
intragranular concentration gradients similar to
La2Co04. ' Our microprobe and wet chemical analysis of
several samples showed the total La concentration to be
less than two and the La/Cu ratio within the larger grains
to vary between 2.06 and 1.95. Thus, it is easy to explain
the presence of 5% [Cu-0]+ in a composition correspond-
ing to La/95Cuio0396. The fact that superconductivity
has been observed in La2Cu04, ' ' presumably as a fila-
mentary grain boundary phase, or as intergrowths of the
Ruddlesden-Popper type, ' ' is understandable because
of the inhomogeneities which are likely to produce regions
where the [Cu-0]+ concentration exceeds the 5%-6% we
think is necessary for superconductivity.

In a simple one-band metal the Hall constant RH is
temperature independent. The number of carriers per for-
mula unit is the Hall number VojRHe where Vo is the
volume of the formula unit. We find that for x &0.15 all
the samples have p-type Hall constants nearly tempera-
ture independent. The Hall number (Fig. 4) tracks the
hole concentration [Cu-0]+ and the Sr concentration
(dashed line), showing that the Sr substitution creates
holes in and otherwise filled band and that one band dom-
inates the transport. In the all electronic model, this is a
highly correlated Hubbard band. ' The situation changes
for x & 0.15. The breaking away of the Hall number from
the Sr concentration (dashed line in Fig. 4) signals a qual-
itative change in behavior. Detailed interpretation of the
Hall effect in this range is ambiguous. A small Hall con-
stant, large Hall number, may result from either a large
number of carriers or the cancellation of hole and electron
bands. A temperature-dependent Hall effect would sug-
gest the latter since the mobilities of the different bands
usually have different temperature dependences. In our
case the Hall constants for x & 0.15 are only weakly tem-
perature dependent, consistent with either picture. How-
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FIG. 4. [Cu-0]+ concentration and Hall number Vo/RHe at
50 K vs strontium concentration (x). The Hall number is the
number of holes per formula unit if only one band contributes.

ever, our wet chemical results which directly measure the
holes in the Cu-0 band, resolve the ambiguity in the Hall
effect and show that the number of holes decreases for
x & 0.15. The Hall effect has been measured previously in
this system at one temperature with similar results. '

Various other workers have measured the Hall constant
for a single composition. '

In summary, we have prepared a series of samples in
the La2 Sr„Cu04 z system and studied the supercon-
ducting and transport properties as a function of composi-
tion. A unique wet chemical analytical technique is used
to determine the electron deficiency (hole concentration)
in the copper-oxygen layer, which we define as a [Cu-Ol+
complex. From this analysis we obtain a value for the ox-
ygen stoichiometry and contrary to previously published
results, we find few if any oxygen vacancies for
0~ x ~ 0.15. The [Cu-0]+ concentration is approxi-
mately equal to the Sr concentration and the Hall number
to about x 0.15. Conduction is therefore due to holes in
a single band. For x) 0.15 the [Cu-0]+ concentration
decreases and the number of oxygen vacancies increases.
The Hall effect is qualitatively different in this range. It
does not measure the number of carriers but rather indi-
cates hole and electron conduction or other exotic behav-
ior. A strong correlation between the [Cu-0]+ concentra-
tion and T, is shown. This dependence has been found
theoretically in an all electronic model with strong
electron-electron correlations. '

We thank R. A. Figat, C. F. Guerci, and J. M. Rigotty
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