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Abstract 

The phase diagram of the title system is remarkably rich, exhibiting regions of long-range antiferromagnetic 
order, short-range (spin-glass-like) order, high temperature superconductivity, or none of these. Here, the phase 
diagram is reviewed, with an emphasis on our recent studies using 139La NQR, powder and single crystal neutron 
diffraction, and magnetization measurements for 0 ~<x ~< 0.15 and 0 ~< 6 < 0.1. 

1. Introduction 

The subject of phase separation in the high super- 
conducting transition temperature (To) cuprate system 
La2_xSrxCuO4+~ has an interesting history. Upon sub- 
jecting La2CuO4 to 02 gas at a pressure of 0.1-3 kbar 
and temperature T=575-800 °C followed by furnace 
cooling, a bulk superconductor La2CuO4+~ is formed 
[1] containing 3=0.03 excess bulk oxygen [2-4]. This 
material was subsequently found to exhibit macroscopic 
phase separation below Ts ~ 260-320 K into oxygen-rich 
La2CuO4 + ~, (3' = 0.08), which becomes superconducting 
below Tc = 35 K, and insulating antiferromagnetic (AF) 
LazCuO4+~,, ~ 0.00) with N6el temperature TN 
250 K ~ Ts [2,4-11]. This observation of phase separation 
proved, surprisingly, that the excess oxygen atoms have 
a relatively high mobility even at room temperature. 
Diffraction linewidth analysis of powder samples in- 
dicated that the linear size of the phase-separated 
oxygen-rich regions is on the order of 3000/~ or larger, 
whereas the oxygen deficient phase showed no particle- 
size broadening of the diffraction peaks [2]. One sig- 
nature of phase separation in a particular sample is 
the observation of both superconductivity below = 35 K 
and AF ordering in the sample. 

The lattice positions of the excess oxygens in the 
superconducting oxygen-rich low-temperature phase 
La2CuOa+w have been determined from single crystal 
neutron diffraction measurements to be located between 

adjacent LaO layers, tetrahedrally coordinated by four 
La atoms [12]. 

The small amount of excess oxygen and the presence 
of phase separation in the above La2CuO4+ n samples 
have been serious obstacles to determining the detailed 
crystal structure of the superconducting compound in- 
cluding the precise location(s) of the excess oxygen 
atoms. Recently, Wattiaux et al. [13] discovered that 
polycrys ta l l ine  LazCuO 4 can be electrochemically oxi- 
dized to much higher levels at room temperature in 
aqueous base, yielding [14-18] La2CuO4+~ with 
0~<6<0.1. 

Theoretical studies of doped holes in the CuO/planes 
of the cuprates have predicted phase separation to 
occur into no-hole and hole-rich phases, similar to that 
below Ts in LazCuO4+~ (see, e.g. [19]); according to 
one such mechanism, the doped-hole segregation occurs 
because the decrease in overall exchange energy between 
the Cu 2+ magnetic moments arising from the hole 
segregation outweighs the increase in kinetic energy of 
the inhomogeneous hole distribution [19]. 

In the absence of excess oxygen, macroscopic phase 
separation at low (Sr) doping levels of the type seen 
in La2CuO4+~ below =300 K has not been observed 
in La2_xSrxCuO4, even though the above theoretical 
predictions suggest that such phase separation should 
occur. This is presumably because the Sr 2+ ions are 
not mobile and cannot phase-separate along with the 
doped holes, so that the phase separation is "frustrated" 
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[20]. In the following, some highlights of our recent 
studies on the magnetic and structural phase diagrams 
of both LazCuO4+a and La2_~Sr~CuO4++, in the doping 
ranges 0~<x~<0.15 and 0--.<6<0.1, are reviewed. 

2.1. The La2CuO4+a system 
In order to understand the relationships between the 

phase separation below T~ and antiferromagnetic (AF) 
ordering below TN, a simultaneous structural and mag- 
netic neutron diffraction study was carried out on a 
single crystal of LazCuO4+a with 6=0.03 [21]. The 
crystal was synthesized by subjecting a conventionally 
prepared La~CuO4 crystal to O2 gas at 3 kbar pressure 
at 575 °C. The data showed that T~ ( = 260 K) was about 
15 K higher than TN. 

Extensive measurements were also carried out on 
samples of La2CuO4++ obtained by electrochemical 
oxidation of LazCuO4 in aqueous base at room tem- 
perature [18,22]. Two distinct ranges of T~ were observed 
in these samples at ~ 32 K and 40-45 K, with the lower 
To being found in samples with lower oxygen content. 
With increasing 6, a single Tc = 34 K is observed up to 
6=0.07 as shown in Fig. l(a). The peak in the normal 
state magnetic susceptibility, x(T), near T~ - 250 K, due 
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Fig. 1. Meissner  fraction ( -4z rX)  (a) and normal  state magnet ic  
susceptibility Xg (b) versus t empera tu re  for LazCuO4+n samples  
with 0.02 < g ~< 0.07 [18,22]. 

to the AF phase with 6" = 0.00, decreases with increasing 
6 and disappears by 6~0.07 as shown in Fig. l(b). 
These data indicate that the miscibility gap ends by 
6=0.07. Increasing 6 to 0.11 causes Tc to increase to 
the range 40-45 K, as shown in Fig. 2; intermediate 
compositions show both Tc=32 K and Tc~40-45 K. 
This observation suggests that two chemically and/or 
structurally distinct phases are present at low tem- 
perature at 6=0.07 and 6~0.11, with a two-phase 
region in between. Neutron diffraction structure mea- 
surements on powders with 6=0.08 (Tc=32K) and 
6=0.12 (Tc=42K) and a single crystal with 6~0.1 
(To = 40 K) showed that these compositions remain sin- 
gle phase down to 10-16 K, with no evidence for phase 
separation [23], confirming that these compositions are 
beyond the miscibility gap in the phase diagram. These 
structural data showed that the excess oxygen atoms 
are located between the two LaO layers in the unit 
cell, as found previously for the oxygen-rich phase in 
LazCuO4.03 [12], and that the crystallographic space 
group is Fmmm. A comparison of iodometric titration 
measurements and TGA measurements of the oxygen 
contents of electrochemically prepared LazCuO 4 + a sug- 
gest that a significant amount of oxygen-oxygen bonding 
occurs involving the excess oxygen atoms [18,23]. Elec- 
tron diffraction measurements [15-17,24] and the neu- 
tron diffraction structural studies [23] showed a long- 
period superstructure both parallel and perpendicular 
to the CuO2 planes, presumably associated with oxygen 
ordering. It is not yet clear what structural features 
distinguish the phase with Tc=32 K from that with 
Tc>_40 K. 

The normal state x(T) data for polycrystalline 
La2CuO4+a with 6=0.11 (Tc=45K) and 6=0.065 
(To = 32 K), prepared using electrochemical oxidation, 
are plotted in Fig. 3, and compared with those of 
conventionally prepared Lal.95Sro.15CuO4 (Tc=38 K) 
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Fig. 2. Meissner  fraction ( - 4~-X) data  for two La2CuO4+a samples 
with ,5=0.065 and 0.11 [22]. 
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Fig. 3. Magnetic susceptibility Xg versus temperature T for 
La2CuO4+a samples with 6=0.065 and 0.11. xg(T) data for con- 
ventionally prepared ceramic LaLssSr0a5CuO4 are included for 
comparison [18,22]. 

[18,22]. The x ( T )  data for La2CuO4.al and 
La1.858ro.15CuO 4 are nearly identical, suggesting that 
the hole concentrations (p) in the CuO2 planes are 
nearly the same. This inference is supported by io- 
dometric titration results for these two samples, which 
show p=0.16 and p=0.14, respectively [18,23]. Ani- 
sotropic )((7) and resistivity data for a single crystal 
of LazCuO4+~ with Tc=40K are shown in Figs. 4(a) 
and (b), respectively [22]. The data in Fig. 4(a) show 
no evidence for a peak near 250 K, indicating (see Fig. 
l(b)) that homogeneous millimeter-sized La2CuO4+a 
crystals can be produced using the room temperature 
electrochemical oxidation technique. 
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Fig. 4. Anisotropic magnetic susceptibility Xg (a) and electrical 
resistivity p (b) versus temperature T for a single crystal of 
LazCuO4+~ with 6=0.1 [22]. 

2.2. The La2_~SrxCu04+~ system 
2.2.1. The N~el-ordered regime: 0 <~x <~ 0.02 
We recently reported a study with high resolution 

in x of the magnetic and structural phase diagram of 
Laz_xSr~CuO4 + ~ in the low doping regime 

"0 <~ (x,6)<~ 0.03, where doped holes are produced by Sr- 
doping and/or doping with excess oxygen [25]. Three 
series of La2_~SrxCuO4+n samples were prepared by 
conventional solid state reaction at 1050 °C, followed 
by treating at 650°C for 5 h in 1bar N2 or in 1bar 
O2, or at 500 °C for 72 h in 230 bar 02, respectively, 
and then oven-cooled, resulting in 6=0.00, 0.01 and 
0.03, respectively. 

Figure 5(a) shows x(T) data ( H = 5 k G )  for the 
La2_xSrxfuO4+a samples annealed in 1 bar 0 2 .  The 
downturns in the data below =40 K result from the 
onset of superconductivity (see below). The x(T) data 
for the other two series of samples (not shown) are 
similar, except that the series annealed under I bar N2 
showed no trace of superconductivity for any of the 
samples. Tr~ is the temperature of the peak in x(T) 
[26]. The TN values are plotted versus x in Fig. 6(a) 

for the three series of samples. For each series, TN 
decreases to ~ 0 K by x = 0.02. Also plotted in Fig. 6(a) 
is the tetragonal-to-orthorhombic transition tempera- 
ture To/r(x) for the three series. To/r is seen to be very 
sensitive to 6, as observed previously for La2CuO4+a 
[27]; the data for the 1 bar Nz annealed series are in 
agreement with previous reports [28]. 

As noted above, the l ba r  NE annealed series 
Laz_xSrxCuO4+~ (6=0) showed no evidence of super- 
conductivity above 5 K, confirming that macroscopic 
phase separation does not occur for 6 = 0. This result 
is in contrast to the behavior of the 1 bar and 230 bar 
02 annealed series (~-0.01 and 0.03, respectively), 
which do exhibit superconductivity. To(x) and the Meis- 
sner fraction (-4rrg)  versus x for the 230bar O2 
annealed series (3=0.03) are shown in Fig. 6(b). T¢ 
decreases linearly with x, but is non-zero (=  20 K) as 
the Meissner fraction approaches zero at x = 0.03. For 
6 = 0.03, the authors therefore concluded that the known 
phase separation for x = 0, which produces the oxygen- 
rich superconducting phase, no longer occurs above 
x=O.03. 
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Fig. 5. (a) Magnetic susceptibility Xg versus temperature  T for 
the series of Laz_xSr~CuO4+ ~ samples annealed in 1 bar  O 2 
(6 = 0.01) [25]. (b) The xg(T) data in (a), plotted versus a reduced 
temperature  scale as discussed in the text [25]. (c) The scaling 
function f(x) in the abscissa in (b) [25]. 

For each series, the TN(x) data in Fig. 6(a) for the 
AF phase La2_xSrxCuO4+ a. (0~<x<0.02, 6' =0.00) can 
be fitted with n = 2 in the expression 
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1 - T . ( x ) / ~ ( o )  = (x /xc )"  (1) 

where the least square fits are shown as the solid curves 
in Fig. 6(a). The authors noted that the power law 
dependence in eqn. (1) is expected from finite size 
scaling theory, which predicts that the measured TN is 
limited by the finite size (linear dimension L) of a 
system. In particular, this theory predicts 

1 - r . ( L ) / T . ( o o ) ~ L - " ~  (2) 

where in mean field theory, the exponent u= 1/2. Equa- 
tions (1) and (2) are consistent, with L(x)oc 1/Y". This 
consistency was interpreted to mean that the doped 
holes form walls separating domains of undoped material 
(see also below), where the magnetic coupling between 
domains is much weaker than within a domain. Mean 
field theory was argued to hold in the present case, 
because the long-range AF order below TN results from 
weak coupling between strongly short-range AF-ordered 
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CuO2 planes. Since n = 2 from above and u= 1/2, one 
obtains L(x) ~ 1/x. This dependence L(x) c~ 1/x indicates 
that the width of a wall is independent of x. 

We return now to the X(73 data in Fig. 5(a). The 
peak associated with the canted AF ordering in 
La2_xSrxCuO4+~,, becomes broadened, as well as de- 
pressed in temperature, with increasing Sr-doping x. 
At the same time, the height of the peak is almost 
independent of x. Since the A" of the superconducting 
phase above Tc has a much weaker T dependence than 
the X of the AF phase, this suggests that the X(73 data 
for all compositions 0 ~<x < 0.02 of the AF phase follow 
a scaling relationship 

X(x, 73 = W ( x ) [ T -  :rN(x)]} (3) 

This scaling is indeed obeyed well both above and 
below TN as shown in Fig. 5(b), where the data in Fig. 
5(a) for all samples collapse onto a single curve obeying 
eqn. (3) (except for the data associated with the su- 
perconducting phase at the lowest T). The x(T) data 
for the 1bar N 2 annealed series of samples can be 
scaled equally well in the same way (not shown). The 
scaling functions f(x) for these two series are shown 
in Fig. 5(c). Above x = 0.01, f(x)ot 1/x 2 as shown by the 
dashed line in Fig. 5(c). Analysis of this f(x) yielded 
L(x) ot 1/x, consistent with the L(x) inferred above from 
analysis of TN(x). As shown by Cho et al. [25], the 
saturation of f(x) in Fig. 5(c) below x-0 .01  can be 
qualitatively understood as arising from the T depen- 
dence of the two-dimensional AF correlation length 
¢(73 inferred from inelastic neutron scattering mea- 
surements, where L(x) - ~(T= 0, x). The solid curve in 
Fig. 5(c) is the resulting theoretical fit to the f(x) data 
for the 1bar Oz annealed series of samples. 

From the above work, Cho et al. [25] concluded that 
the doped holes in the AF phase Laz_,SrxCuO4+~,, 
(0 ~<x < 0.02, ~" = 0.00) condense into walls separating 
microscopic undoped domains, producing an electron- 
ically and magnetically inhomogeneous state, as pre- 
dicted theoretically [19,20]. This novel doping-induced 
finite-size effect provides a natural physical basis for 
understanding the anomalously strong depression of 
TN and the strong reduction of the zero-temperature 
ordered magnetic moment in the AF phase with hole 
doping [28]. 

The above studies of TN(x) and X(x, T) were carried 
out at temperatures above about 50 K, where the doped 
holes are delocalized. Chou et al. [29] have performed 
e x t e n s i v e  139La NQR measurements to lower temper- 
atures. These data provide atomic-scale evidence for 
localization of the doped holes' charge below ~ 30 K 
[29]. The most dramatic effect observed in the 139La 

NQR in La2_xSrxCuO4 for x ~< 0.02 below ~ 20 K is in 
the temperature dependence of the nuclear-spin-lattice 
relaxation rate (NSLRR), R~, shown in Fig. 7 [29]. The 
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Fig. 7. Nuclear spin-lattice relaxation rate (RI) for the 2v o 139La 
NQR transition versus temperature  T for several of the samples 
in the La2_xSrxCuO4+~ series annealed in 1 bar  02 (6---0.01) [29]. 
The vertical arrows denote the TN values for the respective 
samples. Inset: Recovery of the nuclear magnetization M(t) versus 
~/t for x = 0.018. 

data exhibit a weak peak associated with the long-range 
AF ordering at the same TN as obtained from x(T) 
results. In addition, R1 displays a strong peak at a 
temperature Tf< 16 K, where Tfotx. The authors iden- 
tified T~ as the freezing temperature of the spin degrees 
of freedom associated with the doped holes. It was not 
clear from the NQR data whether a true phase transition 
or a continuous spin freezing occurs at Tf. 

As shown in Fig. 8 [29], Tf is proportional to x with 
a large slope: Tf= (815 K)x. In the context of known 
re-entrant or conventional spin glasses, both features 
are remarkable. In Fig. 8, there is no discernible thresh- 
old in x for freezing of the doped hole spins, in contrast 
to the usual case where a percolation threshold must 
first be exceeded. 

2.2.2. The spin-glass-like regime 0.02 <~0.08 
From 139La NQR measurements, Cho et al. [30] found 

strong peaks in the NSLRR below 10 K, similar to but 
sharper than those shown for x~<0.02 in Fig. 7. The 
spin glass ordering temperatures (Tg), defined as the 
temperatures of the peaks in the NSLRR, are plotted 
in Fig. 8. Analysis of the NQR data indicated that the 
transition at Tg is associated with the freezing of dy- 

~namically well-ordered undoped domains separated by 
walls of hole-rich material. Both the NQR [30] and 
neutron scattering [31] investigations found L(x)ct 
x -1/2, indicating that a crossover occurs in L(x) from 
L(x)al /x  for x<0.02 to L(x)~l/v~ for x>0.02. 
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Fig. 8. Magnetic phase diagram of Laz_xSr~CuO4. The inset shows 
linear plots of Tf and Tg versus x [29]. Abbreviations: PM, 
paramagnetic; AF, antiferromagnetic; SG, spin-glass; C-SG, clus- 
ter spin-glass. 

From Fig. 8, an abrupt and distinct crossover at 
x=0.02 occurs in the composition dependence of the 
freezing temperature: Tfcxx for x<0.02, whereas Tg(X 
1/x for x > 0.02. This novel behavior indicates that there 
is a crossover at x ~ 0.02 in the nature of the spin glass 
transition. As discussed above, for x<0.02, the re- 
entrant behavior below Tf should be viewed as the 
freezing of the spin degrees of freedom associated with 
the doped holes, superimposed on the pre-existing AF 
long range order. For x > 0.02, on the other hand, the 
system undergoes a collective phase transition from a 
paramagnetic state, with 2D dynamical correlations in 
undoped mesoscopic domains, to a cluster-spin-glass 
(C-SG) phase in which these domains freeze due to 
their mutual interaction; a static internal magnetic field 
occurs only below Tg [30]. 

titration experiments indicate that the hole doping levels 
in the CuO2 planes of La2CuO4 n and La192Sro 08CUO4.07 
are nearly identical with each other and with that of 
conventionally prepared La~.ssSro lsCuO4. For 6 ~ 0.03, 
macroscopic phase separation below ~300 K into su- 
perconducting La2_~Sr~CuO4+~, (6' ~0.07) and non- 
superconducting La2_xSr, CuO4+a,, (6"= 0.00) phases, 
known to occur for x--0, disappears by x--0.03. 

The behaviors of the Ndel temperature TN(X) and 
X(x, T) of the antiferromagnetic phase (0 ~<x _< 0.02, 
6" = 0.00) reveal a novel microscopic segregation of the 
doped holes in this phase into walls of hole-rich material 
separating undoped domains. ~39La NQR measurements 
indicate that the spin degrees of freedom associated 
with the doped holes freeze below Tr = (815 K)x, with 
Tf(x=0.02)= 16 K; this spin-glass ordering is super- 
imposed on the long-range AF order of the Cu spin 
system. For x> 0.02 where long-range AF order does 
not occur, the system undergoes a collective phase 
transition from a paramagnetic state, with 2D dynamical 
correlations in undoped mesoscopic domains, to a clus- 
ter-spin-glass phase in which these domains freeze due 
to their mutual interaction; a static internal magnetic 
field occurs only below Tg. 
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3. Summary and conclusions 

Using electrochemical oxidation of L a 2 C u O  4 at room 
temperature to form LazCuO4 + 8, two apparently distinct 
bulk superconducting phases are found at 6_<0.07 
(Tc--32K) and 6>_0.08 (Tc--45 K); structural studies 
on powder and single crystal samples of these materials 
were carried out. Sr-doped compounds La2_,Sr, CuO4 + 
were also synthesized by electrochemical oxidation of 
ceramic La2_xSr, CuO4. Bulk superconductivity is found 
with onset To=40 K for the whole range 0.01 ~<x~<0.15 
for maximally oxidized samples, whereas for 6=0,  op- 
timum superconductivity with T~ = 38 K only occurs for 
x=0.154).20. Magnetic susceptibility and iodometric 
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