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In the system La,_,Sr,CuQ,, as x and p (the [CuO, )’ "2 charge) are increased, the superconduct-
ing transition temperature first increases, then peaks becoming nonsuperconducting for x % 0.26.
We report here a search for changes in physical properties at the values of x where T is observed to
change its behavior. The in-plane lattice constants and the normal resistivity both show a continued
monotonic decrease over this entire region, suggesting that no major electronic changes occur. The
tetragonal-to-orthorhombic transition temperature 7T also decreases with increasing x and becomes
unobservable for x 2 0.19, suggesting that this structural transition itself is unrelated to the disap-
pearance of superconductivity that occurs at higher doping levels. The magnetic spin susceptibility
Xspin(T) generally rises gradually with increasing doping (reflecting decreasing spin-spin interac-
tions), reaches a maximum near x ~0.25, and then decreases. There is a weak peak in X,(7) as a
function of temperature at T =T,,,,. As a function of increasing X, T,y falls to zero near x ~0.25.
These two observations might be related to the disappearance of superconductivity, since all three
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occur near the same value of Sr content x.

The system La, ,Sr,CuO, is potentially ideal for
studying high-temperature superconductivity! due to its
simple structure and wide range of solid solution,? in
which the K,NiF, structure is maintained over the range
0=x =1.33. Corresponding to this large range of dop-
ing, there is potentially a wide range of values of the
charge® p on the [CuO,]? ~2 sheets, over which high-
temperature superconductivity can be studied. In prac-
tice, however, as the Sr content is increased, oxygen va-
cancies start to appear and severely limit* this range to
p <0.15, depending on the preparation conditions. Pre-
paring samples under a high pressure (100 bars) of oxy-
gen has recently been shown® to extend the range of ac-
cessible charge up to p =0.4. From now on, we shall re-
strict our discussion to samples containing no oxygen va-
cancies and (for reasons discussed later) we shall charac-
terize them by their Sr content x. As a function of x the
behavior of the observed superconducting transition tem-
perature T, is shown in Fig. 1(a). At low x, superconduc-
tivity was found*® to appear for x >0.06, with T, rising
with increasing x until maximum values were reached for
both T, (36 K) and x (0.15) on those samples. Measure-
ments on samples with higher x more clearly reveal that
T, levels off at 7, =36 K until x =0. 19, beyond which T,
surprisingly decreases, until about x =0.26, above which
superconductivity is no longer observed.® This behavior
has recently been confirmed by Takagi et al.” Most of
the work® on this system has focused on the region of low
x, where superconductivity first starts to appear. This re-
gion is complicated by the competition with the antifer-
romagnetic state® near x =0, by spin-glass effects,’ by the
presence of another phase,'® and by the conductivity
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which shows evidence of partial localization.® In this pa-
per, we concentrate on the region of large x, where the
conductivity is metallic and yet superconductivity anom-
alously disappears.’ We present measurements of the in-
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FIG. 1. (a) T, vs x for La,_,Sr,CuO, [data from Refs. 4 and
5, and van Dover et al., Phys. Rev. B 35, 5337 (1987)]; (b) the x
dependence of the conductivity at 300 K and spin susceptibility
at 100 K.
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40 PROPERTIES THAT CHANGE AS SUPERCONDUCTIVITY ...

plane lattice constants, orthorhombic distortion, conduc-
tivity, and magnetic susceptibility over the range of x
where superconductivity appears, levels off, and then
disappears, in hope of finding a correlation between these
properties.

For the original La,_,Sr, CuO,_; series of samples,’
the in-plane lattice constants at 300 K are shown in Fig.
2. At low Sr content, the structure is orthorhombic, with
axes a'#b’. As the Sr content increases, this orthorhom-
bic distortion at 300 K decreases and becomes unobserv-
able above x =0.07. In the tetragonal phase, the lattice
constant continues to decrease, until near x =0.28, where
the lattice constant of samples prepared in one bar of O,
suddenly increases. From measurements of the charge p
on these samples, this abrupt change has been shown’ to
be caused by the sudden appearance of oxygen vacancies
at this value of x. Samples prepared under a pressure of
100 bars of O, do not show this sudden increase and ex-
hibit a continuing decrease of a until x =0.4, as seen in
Fig. 2. This decrease suggests that charge is being con-
tinuously removed from antibonding Cu-O orbitals. Also
shown in Fig. 2 is a data point!! for the x =1 compound
LaSrCuO,, prepared under extremely high oxygen pres-
sures (3 kbars). In the remainder of this paper, we shall
only discuss physical measurements on samples without
oxygen vacancies, as determined by measuring either p or
the lattice constants, or both (as in our case).

Undoped La,CuO, is orthorhombic at low tempera-
tures, but has a transition at T, =530 K to a tetragonal
phase. As the system is doped with Sr, T, decreases, and
somewhere near x ~0.2 it goes to zero.'>!* It has been
suggested that the orthorhombicity observed at low tem-
peratures may be essential to the” onset of high-
temperature superconductivity,'* and thus superconduc-
tivity will disappear at high x, where the samples are
tetragonal at low temperatures. In order to test this con-
jecture, we carried out high-resolution x-ray scattering
measurements on the series of La,_ ,Sr, CuO, samples
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FIG. 2. In-plane lattice constants of La,_,Sr,CuQO,_s at 300
K, in the tetragonal (a) and orthorhombic (a’,b’) phases. Note.
that the samples prepared under 1 bar of oxygen show an onset
of oxygen (O ) vacancies near x ~0.28, while those prepared un-
der 100 bars (@) show no indications of vacancies up to x ~0.4.
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studied in Ref. 5. For four of these samples (x =0.16,
0.19, 0.21, and 0.23), we studied the (110) and (103)
tetragonal phase diffraction peaks as a function of
temperature for 15<7T <300 K. The tetragonal-to-
orthorhombic transition is characterized by a splitting of
the (110) peak, while the (103) peak remains unchanged.
For the x =0.16 sample, we find T, =170 K (as shown in
Fig. 3). For the x =0.19 sample we find no-evidence for
a tetragonal-to-orthorhombic transition, although we do
observe a 35% increase in the width of the (110) peak be-
tween 170 and 60 K, while the width of the (103) peak
remains essentially constant. This observation suggests
that although the sample remains tetragonal, significant
orthorhombic strains are present at lower temperatures
(T <100 K). Finally, for x =0.21 and 0.23 samples we
find no evidence for either a structural transition or or-
thorhombic strain above 15 K —this despite the fact that
they become superconducting at 27.5 and 20 K, respec-
tively. As shown schematically in Fig. 4, T falls to zero
temperature for x ~0.18, whereas 7T, disappears near
x ~0.26, as shown in Fig. 1. Thus, the long-range ortho-
rhombic or tetragonal nature of the samples appears un-
related to their superconducting behavior.

The electrical resistivity!> p of the original samples
from Ref. 5 is plotted versus temperature in Fig. 5. The
samples are all metallic with approximately the same
resistance ratios, p(300 K)/p(50 K)~4. The temperature
dependence of p(T) is roughly linear, although there are
substantial deviations from linearity evident for large x.
The magnitude at the room temperature conductivity is
plotted in Fig. 1(b). Its behavior is very simple: The con-
ductivity increases monotonically with increasing Sr con-
tent x, indicating that increasing doping continuously im-
proves the conductivity. This monotonic behavior along
with that found for the a-lattice constant (Fig. 2) give no
indication of anything complex going on as a function of
increasing x, such as the conductivity becoming dominat-
ed by holes from another band, for example.

The behavior of the magnetic spin susceptibility'® y as
a function of temperature is shown in Figs. 6(a) and 6(b).
In Fig. 1(b), we show the x dependence of x, (100 K),
i.e., the susceptibility at 7=100 K adjusted for effects of
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. FIG. 3. The lattice constants a and b for a sample with
x =0.16, showing the tetragonal-to-orthorhombic transition for
T,~170 K.
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FIG. 4. Schematic figure of the variation with x of the 3D
Néel temperature (T ), the superconducting transition temper-
ature (T,), the temperature (7;) of the orthorhombic-to-
tetragonal transition, and the temperature (T, ) at which x(T)
shows a maximum as a function of temperature.

the diamagnetic contribution (1X10™* emu/mol) of the
ionic cores. There are important differences between
these data and those reported earlier by Schneemeyer
et al.,'7 where the oxygen vacancy content was not
determined. Our data and those of Takagi et al.” are in
excellent agreement. For the lowest x (x <0.02, not
shown in Fig. 6), muon spin rotation and neutron scatter-
ing experiments have shown the existence of a three-
dimensional antiferromagnetic (AF) ordering of the Cu?*
moments with strong two-dimensional correlations above
the Néel temperature Ty.'3”2° As shown schematically
in Fig. 4, doping with holes destroys the Néel state and
the large, dominant anomaly in }(7) associated with it,
but short-range two-dimensional AF correlations are re-
tained in the Cu-O planes.zl_23 For x >0.02, x(7T) is
dominated by these 2D correlations, and it is their evolu-
tion with increasing Sr content x that we want to discuss.

The main characteristic of such a two-dimensional AF
spin system with a strong exchange interaction is expect-
ed?*? to be the absence of long-range order and the pres-
ence of a relatively weakly temperature-dependent (7).
Furthermore, the value of the magnetic moment is
strongly reduced from its Néel value because of zero-
point deviations. It reaches 60% of S =1 in the case of a
quadratic Heisenberg antiferromagnet, according to re-
cent Monte Carlo calculations or spin-wave theory.?*?*
In the region 0.02 <x <0.14, x(T) is only weakly tem-
perature dependent, consistent with the behavior of ex-
changed coupled Cu?* spins with a large in-plane AF ex-
change interaction J. The most reliable discussion of
these data centers on relating the magnitude of X, to
this 2D exchange coupling J, i.e., X, is expected to be
inversely proportional to J in the region where 7' <J. To
be more quantitative,?*?° for a 2D system near T,,,, the
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FIG. 5. The resistivity vs temperature, showing metallic be-
havior and decreasing resistance for increasing x.
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magnitude of Xy, =0.047Ng? % /J =(0.14 emu/mol)/J.
From our data at 400 K (Fig. 6), Xin~1.6-2.2X 10~4
emu/mol, which corresponds to J~650-900 K, some-
what reduced from the value of 1000 K estimated for the
undoped compound from light scattering and inelastic
neutron diffraction experiments.®2% Thus, in general the
increasing magnitude of x, [Fig. 1(b)] is interpreted as
reflecting a general weakening of the exchange interac-
tions as x increases. The data in Fig. 1(b) correspond to a
weakening of J by approximately 40%, although data at
higher temperatures would indicate a smaller reduction.
The decrease in X, (100 K) above x ~0.26 might corre-
spond to a renewed strengthening of the interaction.
While we believe that the magnitude of y is the most
reliable quantity to discuss, nevertheless, it is interesting
to examine the behavior of T ,,, the temperature of the
maximum in ¥(7'), which in the simplest model is related
to J by kT,.,=0.95J, as calculated from the high-
temperature series expansion for S =%.24 For the lowest
doping levels, data taken at high temperatures?’ suggest a
maximum above 800 K. Upon doping, this maximum ap-
pears®’ to broaden and shift to lower temperatures, so
that for x >0.14, the broad maximum in Y(7) at T,
can be seen in the 0<T <400 K range of our experi-
ments. The values of T,,,, represented by the solid tri-
angles in Fig. 6, are tabulated in Table I and plotted in
Fig. 4. It is interesting to note that T,,, falls to zero
near the same x ~0.26 where superconductivity disap-
pears, although it is not clear how much significance we
should assign to this observation. For interpretation,
there are two points of view: The first is that we should
not regard T,,, in these data as a reliable measure of J,
since we would be forced to conclude that the exchange
interaction had vanished near x ~0.26, and that would
not be reasonable for the following reasons: if J had van-
ished, the magnitude of y~1/J would have increased
much more dramatically, and a significant Curie contri-
bution would have been observed for x =0.25 (assuming
there are still localized Cu®" spins remaining). Further-
more, in undoped samples, the exchange is large (~ 1000
K) because of the short Cu-O interactions, which
strengthen upon doping (Fig. 2). According to the
second point of view, it could be argued that as the sys-
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tem becomes more delocalized, the localized Cu™? spins
continue to diminish, eventually resulting in an effective
vanishing of both these moments and J. This point of
view has been recently pursued by Johnston et al.?® in
their analysis of their y(7T) data. It is not clear how to in-
terpret the detailed temperature and x dependence of
x(T) in Figs. 6(a) and 6(b). Nevertheless, from the local-
ized point of view, we would speculate that as x is in-
creased and J is weakened, that the weakening is not uni-
form and there is a distribution of J’s, some of which are
relatively low. The increasing number of these low J’s
may be responsible for the increasing ‘“Curie-Weiss”
component to x(T') as the hole concentration is increased.

Our data for T, as a function of x [Fig. 1(a)] corre-
spond well with the recent data of Takagi et al.,” and
our measurement of T, at x =0.16 agrees with the data
of Moret et al.'*> However, our samples have higher
values of p, and when the above data are compared as a
function of p, there is poor agreement. This observation
suggests that the extra oxygen (~0.04) present in our
samples,’> which gives the extra contribution to p, does
not strongly affect the properties, perhaps because the ex-
tra oxygen is incorporated in the form of peroxide®®3°
(rather than oxide). This is consistent since peroxide
would contribute to the titration measurement, but would
not dope the CuO, sheets and hence not contribute to the
[Cu0,]” "% charge. For this reason, we believe that the
hole concentration in the sheets is better represented by x
than by p.

Another issue involved in this system is sample inho-
mogeneity. This inhomogeneity could take on at least
two forms: (i) random fluctuations in Sr content; or (ii)
phase separation.?! In the first type, the randomness in
the Sr concentration would normally be averaged out by
the delocalized electrons, but the superconducting pairs
in these materials glave such an extremely short coher-
ence length (~10 A) that they do not average out these
fluctuations. There are two examples of the second type
of inhomogeneity: Samples of La,CuO,,s have been
shown!® to contain a two-phase mixture of an insulating
phase (with 8~0) and a superconductivity phase (with
6~0.14). Such two-phase mixtures can be identified by
their characteristic behavior observed in Meissner mea-

TABLE I. Sr doping (x), hole concentration (p), symmetry of structure (ss) at 15 K, superconduct-
ing transition temperature (T, ), Meissner fraction (%), conductivity (o) in (mQ cm)™!, temperature
(Tmax)» Where normal-state magnetic susceptibility (y) in (107* emu/mol) is a maximum, and the
values of y at T,,, and 100 K, for the La,_, Sr, CuOj series.

x P ss T, % o (300 K) T max X (Trax) x (100 K)
0.15 0.208 (o] 37.5 30 0.73 390 0.97 0.72
0.17 0.226 o 36.5 30 0.78 260 1.06 0.96
0.19 0.244 T 34 30 0.95 150 1.17 1.14
0.21 0.263 T 27.5 30 1.25 70 1.43 1.42
0.23 0.281 T 20 20 1.43 20 1.74 1.60
0.25 0.299 <5 0 1.67 0 1.95 1.66
0.27 0.318 <5 0 1.90 0 0 1.59
0.29 0.336 <5 0 1.90 0 0 1.44
0.31 0.354 <5 0 2.11 0 0 1.33
0.33 0.373 <5 0 0 0 1.16
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surements: a relatively constant 7, ~30 K and a strongly
varying Meissner fraction (from 1073 to ~ 40%). A se-
cond example is given by the large x samples of van
Dover et al.3? These samples show a sharp drop in resis-
tivity at about the same temperature (~37 K) for
x =0.15, 0.20, 0.30, and 0.50, while the Meissner fraction
decreases by more than an order of magnitude. In this
case, the inhomogeneity is undoubtedly due to oxygen va-
cancies in their samples (since at this early stage the im-
portance of these vacancies was not known). Such a drop
in resistivity is not observed in our samples in this range.
In both of these examples of phase inhomogeneity, the
oxygen content is the physical quantity which has the po-
tential to be inhomogeneous, i.e., different phases can
have different oxygen contents. In the first example, it is
the extra, interstitial oxygen, while in the second it is the
oxygen vacancies. In the samples of Takagi et al.’
(which give essentially identical results to ours), the oxy-
gen content is equal to 4, and phase separation due to ox-
ygen content is not possible. Furthermore, the Meissner
data>’ in our and their samples are not characteristic of
phase inhomogeneity; there is a clear change in T,, by
more than a factor of 2. Variations in the Meissner frac-
tion can be less reliable due to complications with flux
pinning and field dependence. Further evidence for the
phase homogeneity of this system is provided by the
tetragonal-to-orthorhombic phase transition, which has a
narrow temperature width and is a continuous function
of x over much of this range. !*

In summary, annealing a series of La,_,Sr,CuO,_j;
samples under high oxygen pressure allows us to obtain
samples without oxygen vacancies up to x =0.36. This
increase in the Sr content does not give rise to further in-
creases in T, as had been inferred by some theoretical
predictions. On the contrary, T, peaks and superconduc-
tivity surprisingly disappears for x ~0.26, whereas the
normal-state conductivity continues to increase. In the
YBa,Cu,0,-like systems, a strong dependence of T, on
charge p in the [CuO,}” ~2 sheets is also observed, > with
a maximum 7, similarly near p ~0.2, and with some re-
cent evidence®* that T, decreases for p >0.3. Recent
data® on some bismuth-copper-oxide compounds also in-
dicate that T, falls with increasing oxygen content (in-
creasing p). In the La, ,Sr, CuO, system, we have mea-
sured a variety of properties over the wide range
0<x <0.35. We should recognize that this range is part
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of the broader 0<x <1 range. For low Sr content the
carriers will be holes, whereas for large x they will be
electrons. As x is increased over the broader range, we
should expect a maximum in the conductivity, a general-
ly decreasing X,n, which vanishes for x =1, and a
change in the sign of the Hall effect. For increasing x,
the conductivity and in-plane lattice constant appear to
behave monotonically and smoothly, giving no indication
of dramatic changes in the electronic or charge states.
Our x-ray data indicate that the tetragonal-to-
orthorhombic phase transition is observed only for
x 20.19, whereas superconductivity is observed until
x ~0.26, as shown in Fig. 4. For the x =0.21 and 0.23
samples, we find clear evidence for a tetragonal supercon-
ductor, further supporting the view that these two transi-
tions are unrelated. As a function of increasing hole con-
centration, the magnetic susceptibility generally in-
creases, reflecting a weakening of the in-plane exchange
interaction induced by the holes. Although y(7) shows
no dramatic changes in behavior over the region of x
studied, it does exhibit two distinct changes which might
be correlated with the disappearance of superconductivi-
ty: First, there is a peak in the magnitude of Y,
(T'=100 K) as a function of x near x ~0.25 [Fig. 1(b)]
and second, the temperature of T ,,, where x(T) is max-
imum, falls to zero near x ~0.25 (Fig. 3). The fact that
both of these effects occur near the value of x at which
superconductivity disappears suggests some correlation
between high-temperature superconductivity and magne-
tism. Whichever theory will account for the dramatic
dependence [Fig. 1(a)] of T, on x in La,_, Sr, CuO, must
also account for the behavior of the other properties re-
ported here. ’

Note added in proof. We have recently become aware
of interesting results on the pressure dependence®® of T,
the magnetic susceptibility,?” changes® in the coherence
length with x, and a comparison with other systems.39
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