
Vol 17 No 4, April 2008 c© 2008 Chin. Phys. Soc.

1674-1056/2008/17(04)/1425-05 Chinese Physics B and IOP Publishing Ltd

Effect of heat treatment on electronic phase in
underdoped La2−xSrxCuO4 single crystal∗

Shen Cai-Xia(申彩霞), Shen Xiao-Li(慎晓丽), Lu Wei(陆 伟),
Dong Xiao-Li(董晓莉), Li Zheng-Cai(李正才), Xiong Ji-Wu(熊季午), and Zhou Fang(周 放)†

National Laboratory for Superconductivity, Institute of Physics and Beijing National Laboratory

for Condensed Matter Physics, Chinese Academy of Sciences, Beijing 100080, China

(Received 16 November 2007; revised manuscript received 18 December 2007)

Superconducting La1.937Sr0.063CuO4 crystals grown by the travelling-solvent floating-zone technique were ther-

mally treated under various temperatures and oxygen pressures for moderately adjusting the oxygen content. The

response of intrinsic electronic property of the crystals to the change of hole density in La2−xSrxCuO4 in the vicinity

of the magic doping of x = 1/16 (= 0.0625) is studied in detail by magnetic measurements under various fields up

to 1T. It is found that when the superconducting critical temperature (TC) increases with the oxygen content, there

appears also a new subtle electronic state that can be detected from the differential curves of diamagnetic susceptibility

dχ/dT of the crystal sample. In contrast with the intrinsic state, the new subtle electronic state is very fragile under

the magnetic fields. Our results indicate that a moderate change in oxygen doping does not significantly modify the

intrinsic electronic state originally existing at the magic doping level.
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1. Introduction

High-temperature cuprate superconductors
La2−xSrxCuO4 (LSCO) can be produced by car-
rier doping into the Mott insulator parent material
La2CuO4 with strongly correlated electrons. Quite
different from electronically uniform conventional su-
perconductor, electronic inhomogeneity[1,2] and phase
separation[3−6] were found to be common features in
cuprate superconductors. Various electronic inhomo-
geneities such as stripes,[7,8] two-dimensional Wigner
charge lattice[9] and checkboard charge ordering[10−13]

in the CuO2 plane have been proposed and studied.
Recent experiments have revealed that there exist ro-
bust intrinsic superconducting phases with TC = 15
and 30K in the vicinity of specific ‘magic’ doping
level x = 1/16 (= 0.0625) and 1/9 (= 0.111), re-
spectively, where two-dimensional (2D) charge lattice
with specific symmetry is expected, in underdoped
LSCO crystals.[14] Clearly, the interplay of doping
level, charge ordering and high-TC superconductivity
is an important topic in understanding the origin of
high-TC superconductivity.

Introducing charge carrier into the La2CuO4 sys-
tem is usually achieved in two ways: cation (such
as Sr2+) doping and anion oxygen doping. Exten-
sive studies have been performed on the superconduct-
ing properties of the Sr/O co-doped La2−xSrxCuO4+δ

ceramic samples.[5,15,16] As one of our serial studies
on intrinsic electronic states in cuprate superconduc-
tor crystals,[14,17,18] the aim of the present work is
to examine the response of intrinsic electronic prop-
erty to the charge doping in underdoped LSCO crys-
tals through a moderate adjustment of charge den-
sity around the magic doping level. In order that the
experimental results obtained are more reliable, we
choose to anneal the same as-grown LSCO crystal with
a strontium doping level fixed near the magic doping
of x = 1/16 under various temperatures and oxygen
pressures to moderately change the oxygen content,
and all the measurements are carried out on the same
sample. The reason we choose the LSCO crystal with
strontium doping x of about 1/16 is that the oxygen
can be much easier intercalated into a LSCO structure
with lower strontium doping, and a 4a × 4a square
lattice charge ordering has been proposed to preferen-
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tially form at the specific doping level x = 1/16,[9]

which has also been discussed theoretically.[11,13,19]

The electronic behaviours of the thermally treated
crystal sample under various magnetic fields up to 1 T
are also studied in detail in this work.

2. Experimental details

The single crystal of La1.937Sr0.063CuO4 was
grown by the travelling-solvent floating-zone tech-
nique. Details of the crystal growth were reported
in our previous papers.[17,18] The crystallographic ori-
entation of the sample was determined by the x-ray
Laue analysis. From the crystal a rectangular thin
platelet with a mass of 12.45mg and a size of 2.44 ×
1.12× 0.8mm3 was cut, with the c-axis perpendicular
to the biggest face. The as-grown La1.937Sr0.063CuO4

crystal was thermally treated under various tempera-
tures (ranging from 500 to 900◦C) and oxygen pres-
sures (from 2×105 to 2×106 Pa) for 105-360 hours. In
the end of each annealing, the sample was quenched
in air or in liquid nitrogen (LN2). The change in oxy-
gen content of the crystal after the annealing is small,
as determined from the fact that the mass change of
the sample after annealing is not detectable within the
balance resolution of 0.05mg.

The magnetic susceptibilities were measured in a
magnetic field applied parallel to the c-axis of the crys-
tal sample by using the Quantum Design SQUID mag-
netometer MPMS-XL. To minimize the flux trapping
caused by field inhomogeneity or temperature varia-
tion, the magnetization was always measured during
warming cycle under fixed fields ranging from 1×10−4

to 1T and the sample was always positioned at the
centre of the detecting coil during cooling or field ad-
justment. All the magnetic data were corrected for
the demagnetization factor.[20]

3. Results and discussion

Shown in Fig.1 are the Meissner (field-cooled) and
the shielding (zero-field-cooled) signals of the sample
after thermal treatments, which were measured in a
field of 5× 10−4 T on warming.

Given in Fig.2 is the superconducting critical tem-
perature (TC) versus oxygen content for different an-
nealing conditions, showing TC increasing from 15.3

to 19 K. The onset TC is derived from the magnetic
measurements shown in Fig.1, and it is defined as the
temperature at which the diamagnetic transition just
starts. The various annealing conditions are indicated
by letters from a to f , and described in the caption of
Fig.2. It is clear that, in the underdoping regime, the
rising tendency of TC in Fig.2 is due to an increase in
hole density by oxygen doping, since strontium dop-
ing is fixed at x ∼ 0.063 for this crystal sample. Usu-
ally, the oxygen content of LSCO decreases when the
crystal is heated at a higher temperature and a lower
oxygen pressure, while it increases when annealed at
a lower temperature and a higher oxygen pressure.

Fig.1. Meissner curves (solid symbol lines) and the shield-

ing curves (open symbol lines) of La1.937Sr0.063CuO4+ε crys-

tal thermally treated under various temperatures and oxygen

pressures.

Fig.2. The change of superconducting transition temper-

ature TC by the thermal treatment for increasing oxy-

gen content in La1.937Sr0.063CuO4+ε crystal: (a) 900◦C
in air/105 hours/quenched in LN2; (b) 800◦C in O2

flow/102 hours/quenched in LN2; (c) 600◦C in O2 flow/156

hours/quenched in air; (d) 500◦C in 2×105 Pa O2/200 hours/

quenched in LN2; (e) As-grown crystal; (f) 500◦C in 2×106

Pa O2/360 hours/quenched in air.
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Plotted in Fig.3 is the temperature dependence of
the differential of susceptibility with respect to tem-
perature, dχ/dT , under a field of 5×10−4 T for all the
thermal treatments, in which the effect of increasing
oxygen content on the electronic state can be clearly
seen. For clarity, each curve is separated from each
other by arbitrarily shifting vertically. We find that

Fig.3. The temperature dependence of dχ/dT of

La1.937Sr0.063CuO4+ε crystal annealed under various

conditions.

the dχ/dT curve of the crystal with lower TC only
shows a single peak, indicating that there exists only
a single superconducting phase, which is consistent
with our previous results.[14,18] When TC increases
(i.e. at higher oxygen dopings), this single peak de-
velops into a shape with a fine structure (see sample
f heated at 500◦C and 2 × 106 Pa O2). This phe-
nomenon indicates that an increase of interstitial oxy-
gen content does not simply increase TC, but also in-
troduces a new subtle electronic state in addition to
the primary electronic phase in the LSCO system. In
order to further check this point, we have carried out
a series of susceptibility measurements under various
fields up to 1 T for the sample annealed at various
temperatures. Figure 4 illustrates the corresponding
differential curves of dχ/dT for the sample with the
lower oxygen doping and TC, showing a single tran-
sition peak. With increasing magnetic field, the sin-
gle peak is broadened at higher fields, but the critical
temperature TC remains almost unchanged. This is
a characteristic of an intrinsic superconducting phase.
It has been reported[14] that the intrinsic supercon-
ducting phase is in a thermodynamically metastable
state, and the increase of field only broadens its su-
perconducting transition but its onset TC is relatively

robust under fields up to 5 T. In the case of the sam-
ple with higher oxygen content and TC, however, the
curves of dχ/dT exhibit a complicated structure (see
Fig.5), as mentioned above. When the field increases,
the structured peak gradually changes into a single
peak at fields above 5×10−2 T. When the magnetic
field continues to increase, the superconducting tran-
sition begins to broaden, with no significant change
in TC. This is again a characteristic of an intrinsic
superconducting state.

Fig.4. The temperature dependence of dχ/dT under various

magnetic fields for the sample annealed in air at 900◦C for 105

hours, showing a TC ∼ 15.3K.

Fig.5. The temperature dependence of dχ/dT under vari-

ous magnetic fields for the sample annealed at 500◦C and

2×106 Pa O2 pressure for 360 hours, showing a TC of ∼ 19K.

Now we can discuss the origin of the fine structure
of the peak that appears in the differential curves for
the sample with a higher oxygen doping. As shown
in Fig.5, the fine structure of the peak can be easily
suppressed by a magnetic field above 5×10−2 T. The
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energy corresponding to such a low field is very small,
and this field has no effect on the crystal structure.
Therefore, we believe the fine structure of the peak
does not result from the modification of crystal struc-
ture of the LSCO system, it is only of a pure electronic
origin. The potential energy of a single spin in a mag-
netic field can be estimated from the Bohr magneton
(µB = e~/2m). For example, for a field of 1T, the po-
tential energy is as small as ∼ 0.06 meV. Hence, the
easy suppression of this peak structure by a field above
5×10−2 T indicates that the corresponding electronic
state induced by interstitial oxygen is very unstable,
or, is not an intrinsic one. The new subtle electronic
state occurring at higher oxygen doping may be re-
lated to electronic phase separation and charge inho-
mogeneity in the LSCO system. This phenomenon
can be understood based on recently proposed com-
posite charge model:[21] only a small fraction of the
total doped holes contributes to the free charge trans-
port and superconductivity, while the rest of the holes
are in an ordered bound state, forming a 2D elec-
tronic (charge) lattice in the CuO2 plane. In other
words, charge doping not only adjusts free-carrier and
superfluid densities, but may also affect or modulate
the underlying competing charge ordering and elec-
tron inhomogeneity. In the present case of LSCO crys-
tal with strontium doping level near a magic doping
(x ∼ 0.063), the electron system is predominated by
the intrinsic state, and the subtle new electronic state
introduced by moderate oxygen doping is so fragile
that it can be easily suppressed by an applied mag-
netic field. At higher fields all the measurements of the
sample exhibit a similar behaviour that an intrinsic su-
perconducting phase would have. Our results indicate
that, when the hole density is moderately changed by
oxygen doping up to near the magic doping level, the
underdoped LSCO system can still keep the feature of
the intrinsic electronic state to some extent. However,
it is worthwhile to point out that, if the charge den-
sity is greatly deviated from the magic doping level by
introducing interstitial oxygen, the electron system of
the underdoped LSCO will behave very differently:[22]

there will emerge two coexisting intrinsic supercon-
ducting states with different TC, as characterized by
their robustness under an applied magnetic field. This
can be attributed to the formation of multiple intrinsic
electronic states stabilized by chemical phase separa-
tion due to a considerable introduction of interstitial
oxygen.

4. Conclusions

In order to study the response of intrinsic elec-
tronic property to the moderate change in charge den-
sity of LSCO system by oxygen content near magic
doping of x = 1/16 (= 0.0625), we have annealed the
as-grown superconducting La1.937Sr0.063CuO4 crystal
under various temperatures and oxygen pressures to
adjust the oxygen content in the crystal. With in-
creasing oxygen doping, the critical temperature TC

of the annealed sample rises from 15.3 to 19 K. Sys-
tematic magnetic measurements have also been per-
formed on the annealed crystal to trace the evolution
of electronic states in the superconducting phase due
to the moderate change in oxygen doping. It is found
from the differential curves of dχ/dT that the an-
nealed samples with a lower oxygen doping and TC,
only show a single intrinsic superconducting transi-
tion. However, in the sample with a higher oxygen
content and TC, there appears new subtle electronic
state as indicated by the structured peak in dχ/dT

curves. The new subtle electronic state is very fragile
under a magnetic field. It can therefore be ascribed
to a pure electronic phase separation and electronic
inhomogeneity. This phenomenon can be understood
based on the composite charge model[21] that free elec-
trons and superfluid electrons innately coexist with
underlying 2D charge ordering in CuO2 plane. Our
present experiments show that a moderate increase
in oxygen doping does not significantly modify the
intrinsic electronic state originally existing for oxy-
gen content at the magic doping level, indicating that
there is a tolerant region around the magic doping
level for intrinsic electronic state. It is also pointed
out that if the interstitial oxygen content is greatly
increased so that chemical phase separation of doped
oxygen becomes significant, there will emerge coexist-
ing intrinsic superconducting states with different TC

in La1.937Sr0.063CuO4+δ,[22] a phenomenon very dif-
ferent from the present case.
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