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Interplay of structural and electronic phase separation in single-crystalline La2CuO4.05 studied by
neutron and Raman scattering
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We report a neutron- and Raman-scattering study of a single crystal of La2CuO4.05 prepared by high-
temperature electrochemical oxidation. Elastic neutron-scattering measurements show the presence of two
phases, corresponding to the two edges of the first miscibility gap, all the way up to 300 K. An additional
oxygen redistribution, driven by electronic energies, is identified at 250 K in Raman scattering~RS! experi-
ments by the simultaneous onset of two-phonon and two-magnon scattering, which are fingerprints of the
insulating phase. Elastic neutron-scattering measurements show directly an antiferromagnetic ordering below a
Néel temperature ofTN5210 K. The opening of the superconducting gap manifests itself as a redistribution of
electronic Raman scattering below the superconducting transition temperature,Tc524 K. A pronounced
temperature-dependent suppression of the intensity of the~100! magnetic Bragg peak has been detected below
Tc . We ascribe this phenomenon to a change of relative volume fraction of superconducting and antiferro-
magnetic phases with decreasing temperature caused by a form of a superconducting proximity effect.

DOI: 10.1103/PhysRevB.69.174508 PACS number~s!: 74.25.Gz, 74.72.Dn, 78.30.Er, 75.25.1z
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I. INTRODUCTION

The development of different kinds of charge inhomog
neities at low temperature is a well-known intrinsic prope
of many strongly correlated electron systems. Recent stu
of Matsuda et al.1 on very lightly doped La22xSrxCuO4

show that even atx,0.02 the system demonstrates an el
tronic phase separation in which regions of hole-rich a
hole-free phases are formed. This observation indicates
possibility for charges to create nonuniform phases2 in spite
of low doping and an expected uniform distribution of
dopants.

Oxygen-doped La2CuO41d presents a system in whic
charge inhomogeneities exist on the background of ph
separated oxygen interstitials,3 with an intimate interrelation
of structural ~excess oxygen! and charge subsystems. Th
discovery4 of high-Tc superconductivity in samples of nom
nally pure La2CuO4 led to the first evidence of charge di
proportionation in this material. The connection between
perconductivity and the hole-rich phase with a fin
concentration of interstitial oxygen was directly proved
annealing in high-pressure oxygen.5 It was reported that afte
annealing, the superconducting volume fraction had b
increased.3 Although the average concentration of char
carriers, roughly estimated asp;2d, was moderate, the
relatively high temperature of the superconducting ph
transition,Tc532 K, was achieved even atd50.05.

Many investigations of La2CuO41d have focused on the
structural aspects of the phase-separation phenomena~for re-
views, see Refs. 6,7!. The powder neutron-diffraction mea
0163-1829/2004/69~17!/174508~8!/$22.50 69 1745
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surements by Jorgensenet al.3 showed that at low tempera
ture, samples contained two very similar orthorhomb
phases, a primary one withd'0, and a second, oxygen-ric
phase that was superconducting. At high temperatures, on
single phase was present, with a reversible oxygen ph
separation occurring~in one sample! at 320 K. The develop-
ment of electrochemical-oxidation techniques8–10 has made
it possible to determine theT-d phase diagram of
La2CuO41d , the most prominent feature of which is a mi
cibility gap in the region11 0.01,d,0.055. Elastic neutron
scattering from large electrochemically oxygenated sin
crystals revealed a new kind of periodicity in oxygen-ri
regions—an ordering of the interstitially occupied oxyg
layers along thec axis, commonly referred to as stagin
behavior.12,13 These results indicated that the phase diagr
of La2CuO41d at higher oxidation levels includes new mi
cibility gaps separating regions of staged phases.14

It is generally presumed that the first miscibility gap
driven by a tendency for holes doped into antiferromagne
CuO2 planes to phase separate.2 The phase separation i
screened by the mobile oxygen interstitials. The existenc
hole-poor and hole-rich phases at lower temperatures is d
onstrated by the observations of, respectively, antiferrom
netic order and superconductivity;15–17however, the ordering
temperatures are lower than the structural phase-trans
temperature for the interstitials. One motivation for t
present work is to test more directly the connection betw
the electronic and interstitial phase-separation transiti
through the use of Raman scattering, which is sensitive to
presence of a correlated-insulator phase through two-mag
and two-phonon scattering.
©2004 The American Physical Society08-1
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Another aspect that we explore is the effect of quenc
disorder. In samples of La2CuO41d prepared by electro
chemical intercalation of oxygen in an aqueous solution
reversible phase separation is generally observed.12,13 In the
oxygen-rich phase, the oxygen interstitials exhibit stag
order, indicating substantial mobility of the oxygens. Mod
reductions in the superconducting transition temperatureTc
can be achieved by rapid cooling.18 In contrast, crystals in-
tercalated electrochemically in a molten salt at relativ
high temperature can exhibit a large distribution of latt
parameters at room temperature,22 indicative of quenched
disorder. Previous studies19,20of such crystals have indicate
low oxygen mobility and depressedTc’s of 15 to 25 K.

The sample that we study here has, as we will dem
strate, a fine-grained mixture of oxygen-poor and oxyg
rich domains, with substantial strain, at 300 K and belo
Neutron diffraction indicates the gradual onset of antifer
magnetic order below 210 K, whileTc is measured to be 24
K. These low transition temperatures, together with the
sence of staging order of the interstitials in the oxygen-r
phase, indicate that quenched disorder has pinned the i
stitial distributions within the first miscibility gap.14

The first surprise that we observe is that the Raman
nature of an insulating, antiferromagnetically correlat
phase does not appear until the sample is cooled belowTr
'250 K, even though a significant degree of oxygen ph
separation is already evident. As we will discuss, this re
suggests that, contrary to expectations, the miscibility ga
driven largely by lattice, rather than electronic, energi
Such behavior is consistent with a study of miscibility ga
in the related system La22xSrxNiO41d , where the structura
phase diagram is found to depend only on the concentra
of interstitials and not on the net hole concentration.21

The second surprise is a reduction of the antiferrom
netic Bragg-peak intensity on cooling throughTc524 K. A
somewhat similar reduction in intensity has been observe
association with an electronic phase-separation phenom
in La22xSrxCuO4 with x;0.015.1 In the latter case, the los
intensity reappears as diffuse incommensurate scatte
however, we do not see such a response in our oxygen-d
sample. Instead, we suggest that the measurement indica
reduction in the net volume of antiferromagnetic phase
to a superconducting proximity effect. Such a proximity e
fect may be necessary for the superconducting phas
propagate through the finely mixed insulating and meta
phases.

Behavior of this type, associated with quenched structu
disorder, has been discussed recently by Dagotto
collaborators.23,24 Their model calculations show some ge
eral features of competition between two ordered pha
placed on the background of intrinsic inhomogeneities. E
tended to manganites, this model predicts a colossal ma
toresistance effect. In the case of underdoped cuprates a
temperatures with competing superconductivity and anti
romagnetism, the authors claim that one can expect a ‘
lossal superconducting proximity effect.’’24 Previously, such
a phenomenon has been observed in underdo
YBa2Cu3O61d .25

The rest of the paper is organized as follows. A desc
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tion of experimental details is given in the following sectio
The results are presented and discussed in Sec. III. Our
clusions are summarized in Sec. IV.

II. EXPERIMENTAL DETAILS

As is now well known, the way of preparing La2CuO41d
plays an important role with regard to the physical propert
of this material and more especially its superconduct
properties. Electrochemical oxidation has been shown8 to be
a reliable and controlled method to induce an oxygen s
plus. Using this process, oxygen atoms can be inserted
La2CuO4 at interstitial positions of the La2O2 layers leading
to the formation of mobile holes of concentrationp'2d in
the CuO2 planes. Our crystal was prepared differently fro
the usual electrochemical-oxidation method in which the
tercalation process occurs in an aqueous solution at a
perature of 100 °C and lower.8–10,12,13The oxygenation of
our sample was performed electrochemically in a NaOH m
at T5330 °C, with an electrical current density o
10 mA/cm2 for ;47 min. These are the same conditio
used for crystalL2 in Ref. 26. The oxygen excessd was
estimated to be;0.05.

In-plane resistivity measurements on our sample, Fig
show semiconducting behavior. If this were a single-ph
sample, then given the large magnitude of the resistivity
T.Tc , one would not expect it to go superconducting.27,28

The crystal was also characterized by superconducting q
tum interference device magnetometry. The superconduc
transition temperature was found to beTc524 K ~see inset
in Fig. 4!.

Elastic neutron-scattering measurements were perfor
on the BT-2 triple-axis spectrometer at the NIST Center
Neutron Research. The sample was approximately 0.23

in size. After orienting the crystal on a holder, it was put in
an Al can with He exchange gas, and then mounted on
cold finger of a closed-cycle He refrigerator. All of the di
fraction measurements were performed using an incid
neutron energy of 13.7 meV, with either one or two pyroly
graphite filters in the incident beam to suppress neutron
harmonic wavelengths. The resolution was varied by cha
ing the horizontal collimators, as necessary.

Raman scattering measurements were carried out in
sibackscattering geometry using the 514.5 nm argon-la
line. A piece of the same sample used for the neutron m
surements was mounted on the holder of a He-gas-flow

FIG. 1. Temperature dependence of in-plane resistivity in
La2CuO4.05 measured along CuO2 plane.
8-2
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INTERPLAY OF STRUCTURAL AND ELECTRONIC . . . PHYSICAL REVIEW B 69, 174508 ~2004!
ostat. The incident laser beam of 10 mW power was focu
onto a spot of 0.1 mm diameter on the 333 mm2 sample
surface area. The scattered light was analyzed with a DIL
XY triple spectrometer combined with a nitrogen-cool
charge-coupled device detector.

To check the influence of the sample surface conditi
the Raman measurements were performed both on the
grown surface and on the mirrorlike surface obtained by p
ishing and chemically etching in isopropanole and aceto
As no significant differences were observed, we report h
the measurements performed on the polished surface.
note that the penetration depth of the laser light is about 2
Å in cuprate superconductors.29,30

The crystal structure of stoichiometric La2CuO4 is ortho-
rhombic (D2h

18) at room temperature and tetragonal (D4h
17)

above about 515 K. The orthorhombic distortion is small a
this allows us to assume tetragonal symmetry as is usu
done in Raman studies of La-cuprates.31,32 The x andy axes
were taken to be along the CuO bonds, withz perpendicular
to the CuO2 plane. Within the tetragonal point groupD4h ,
the zz geometry couples to excitations ofA1g symmetry,xy
to B2g symmetry, andxx to the combination ofA1g andB1g
symmetries. Ifx8 andy8 denote axes rotated by 45° fromx
and y, then x8y8 geometry allows coupling to excitation
with B1g symmetry andx8x8 geometry to a combination o
A1g and B2g components. The spectra reported here w
measured in thexx, xy, x8x8, andx8y8 scattering configu-
rations.

III. RESULTS AND DISCUSSIONS

A. Structural data

For single crystals prepared electrochemically in an aq
ous solution of NaOH, an ordering of the oxygen interstiti
in oxygen-rich phases has been observed.12,13 The intersti-
tials separate into domains such that, in a given dom
interstitials are present only in everynth layer. This ‘‘staged’’
structure is easily identified by the presence of specific
perlattice peaks. We expected that it would be possible
identify the oxygen content of the intercalated phase by ch
acterizing the superlattice peaks. Surprisingly, neutr
diffraction measurements on the present crystal reveale
absence of such superlattice peaks at all temperatures. O
other hand, measurements of fundamental Bragg peaks
cate the presence of two phases, with lattice parameters
sistent with oxygen-rich and oxygen-poor phases.

The presence of two phases is most clearly indicated
(00l ) reflections, and we have focused on the~006!. Al-
though two distinct peaks cannot be resolved, the obse
peak is quite broad and asymmetric. Fitting with two Gau
ian peaks yields thec lattice parameters shown in Fig. 2~a!.
These results are consistent with previous studies of ph
separated samples.11,12 The phase with the largerc lattice
parameter should be the oxygen-rich phase. The differe
between lattice parameters changes little with temperat
suggesting that the oxygen phase-separation temperaturTps
is well above 300 K.

The relative intensities of the two fitted~006! peaks are
shown as a function of temperature in Fig. 3. Assuming si
17450
d

R

,
as-
l-
e.
re

e
0

d
lly

e

e-
s

n,

-
to
r-
-
an
the
di-
n-

y

ed
-

e-

ce
e,

i-

lar structure factors, there are comparable amounts of the
phases, with slightly more of the oxygen-rich phase. T
temperature dependence of the relative intensities might
dicate changes in the volume fractions; however, it is a
possible that the changes are due to relief from extinct
associated with strain. For the oxygen-rich phase, the wid
of the ~002!, ~006!, and ~008! Bragg peaks increase wit
momentum transfer, indicating a substantial amount of str
This strain is expected to have an impact on the phase s
ration and oxygen ordering dynamics; it indicates a sign
cant amount of quenced disorder.

If we assume that the fitted peak widths obtained at~002!
are due purely to particle-size broadening~ignoring resolu-
tion and strain!, then we get a lower limit of 600 Å for the
diameters of the oxygen-poor and oxygen-rich domains.

A scan through~200!/~020! shows two peaks.~These re-
flections are seen along the same direction because of t
ning.! One should expect to see three peaks due to the

FIG. 2. Temperature dependence of thec ~top! and of thea and
b ~bottom! lattice parameters. Error bars in~b! indicate peak widths
~corrected for resolution!.

FIG. 3. Ratio of integrated intensities of the two~006! peaks vs
temperature.
8-3
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V. P. GNEZDILOV et al. PHYSICAL REVIEW B 69, 174508 ~2004!
ference in orthorhombicity found previously for the oxyg
rich and poor phases.11 The observed peaks are slight
asymmetric at low temperature, but a fit with more than t
peaks is not stable over a broad temperature range. The
tice parameters obtained from the two-peaks fits are sh
in Fig. 2~b!. The error bars reflect the distribution of lattic
parameters determined from the peak widths after correc
for the calculated resolution. The width of theb distribution
is comparable to the splitting inb for the two phases found
by Radaelliet al.11 The temperature dependence of structu
superlattice peaks at~012! appears to be consistent with
very gradual decrease in orthorhombic splitting with incre
ing temperature.

B. Onset of insulating state and features of magnetic order

Raman spectra of La2CuO4.05 at different temperatures in
the x8x8 and x8y8 polarization configurations are shown
Figs. 4 and 5, respectively. For both configurations, one
see very strong two-phonon scattering at low temperat
but very little at 295 K.~Note that there are no single phono
excitations above;700 cm21.! In addition, one can see
strong two-magnon scattering33 of A1g symmetry at
;3000 cm21 in the x8x8 configuration when the two
phonon scattering is strong.

In Raman studies of La22xSrxCuO4, Sugai and
co-workers34,35 have shown that strong two-magnon a
two-phonon scattering peaks appear together in
antiferromagnetic-insulator phase atx'0, but both are dra-
matically reduced in doped phases withx*0.06. Thus, it
appears that the two-phonon signal, along with the tw
magnon scattering, is a useful indicator of the insulat
phase. To test the temperature dependence of this signa
we performed measurements on the insula
La1.69Nd0.31CuO4.36 The temperature-dependent intensit
of several two-phonon peaks, relative to the intensity of
single-phonon peak at 428 cm21, are plotted in Fig. 6. We
see that there is only a modest decrease in the intensity
between 5 K and 295 K.

FIG. 4. Raman spectra of La2CuO4.05 at 5, 200, and 295 K in
x8x8 polarization configuration. The inset shows the magnetic s
ceptibility x of the sample.
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The two-phonon intensity ratios for the La2CuO4.05
sample are also plotted in Fig. 6. Compared to the insula
the relative two-phonon signal decreases more rapidly w
increasing temperature, dropping rapidly toward zero n
250 K. We interpret these results as indicating the absenc
an insulating phase forT.Tr'250 K, and the rapid appear
ance of the insulating phase forT,Tr .

To detect the onset of antiferromagnetic order, we rely
neutron-scattering measurements. Figure 7 shows a
alongQ5(1,0,l ) through the magnetic Bragg peak atl 50,
measured atT59 K. Besides the Bragg peak, there is al
broad diffuse scattering along the antiferromagnetic rod. T
temperature dependence of the~100! magnetic peak is shown
in Fig. 8. The Ne´el temperature appears to be approximat
210 K, which is significantly lower thanTr . This magnetic
ordering temperature is also lower than the more typi
value of;250 K found for the hole-poor phase in two-pha

s-

FIG. 5. Raman spectra of La2CuO4.05 at 5 and 295 K inx8y8
polarization configuration. The inset shows the Raman respo
function x9(v) obtained by dividing the original spectra by th
Bose-Einstein thermal factor@12exp(2hv/kBT)#21. The downturn
at low frequency is a signature of the superconducting state~Ref.
37!.

FIG. 6. Integrated scattering intensities of the two-phonon lin
normalized to the intensity of the 428 cm21 phonon peak as a func
tion of temperature in La2CuO4.05 and La1.69Nd0.31CuO4.
8-4
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samples,7 thus indicating that the quenched disorder cau
some frustration of the phase separation.

C. Analysis of the phase-separation transitions

The neutron-diffraction measurements indicate the p
ence of two phases near the two edges of the first miscib
gap11 all the way up to 300 K. In previous studies, th
oxygen-poor phase has been identified as an antiferrom
netic insulator, based on detection of antiferromagnetic or
at lower temperatures; however, in our case the Raman s
tra indicate that an antiferromagnetic insulating phase d
not appear until the temperature drops belowTr . How can
we reconcile these observations?

Due to long-range Coulomb interactions, it is clear th
some degree of electronic phase separation must occur
comitantly with the development of two phases with diffe
ent interstitial concentrations. At the same time, the anti
romagnetic phase of lightly doped La2CuO4 is quite sensitive
to hole content, withTN dropping rapidly to zero atp
50.02 and the transport properties varying rapidly withp in
this regime.38,39Hence, the oxygen-poor phase atT.Tr may
correspond top*0.02. On cooling throughTr , the elec-
tronic energies favoring expulsion of holes from the antif
romagnetic phase2 become important and drive a slight in

FIG. 7. Scan alongQ5(1,0,l ) through the magnetic Bragg pea
at l 50, measured atT59 K. Background signal has been su
tracted, and intensity is on a logarithmic scale.

FIG. 8. Temperature dependence of the~100! magnetic Bragg-
peak intensity. The inset shows the intensity of the same peak a
temperatures.
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crease in the degree of phase separation, resulting in
onset of detectability of signatures of the antiferromagne
phase. We presume that the slight adjustment of interst
segregation at this point was masked in the diffraction
periments by the large strain effects.

The idea that the initial, high-temperature phase sep
tion is driven largely by lattice energies rather than electro
energies is consistent with a recent study21 of room-
temperature structural phase diagrams in the related sy
La22xSrxNiO41d . With x50, pure La2NiO41d is known to
have a complicated phase diagram with multiple miscibil
gaps.7 If these phase separations were driven dominantly
electronic energies, then on co-doping with Sr, one wo
expect the phase boundaries to scale with the net hole
tent, p5x12d. To the contrary, diffraction measuremen
on numerous samples clearly show that the phase bound
depend almost exclusively ond ~at least forx,0.08). Thus,
it appears that the lattice strain energies associated with
terstitial oxygens must play an important role in the pha
separation phenomena.

D. Competition between superconductivity and
antiferromagnetism

The variation of the~100! magnetic peak intensity at low
temperature is shown in the inset of Fig. 8. On cooling,
intensity appears to hit a plateau at about 35 K, and t
below Tc it decreases. This effect looks similar to th
observed1 in antiferromagnetic La22xSrxCuO4 with 0.01,x
,0.02, and in oxygenated La2CuO4 with extremely low
Néel temperature (TN;90 K).41,40 However, in contrast to
those observations, a corresponding increase in the dif
magnetic scattering was not observed in our case.

The drop in the~100! magnetic peak intensity at low tem
perature is quite remarkable. We propose that the obse
effect may involve a change in the relative volume fracti
of metallic and insulating phases for temperatures below
superconducting phase transition. At such low temperatu
the mobility of excess oxygen is negligible, so the chang
should be largely electronic in nature. It appears that a fo
of superconducting proximity effect may be involved. Th
model calculations of Burgyet al.24 indicate that such a phe
nomenon may occur when a system with quenched diso
is below a normal-state percolative threshold. We note t
the in-plane resistivity of our crystal~Fig. 1! looks qualita-
tively quite similar to calculated curves in Fig. 4~b! of Ref.
24.

E. Features of the superconducting state

Since the discovery of high-temperature superconduc
ity, many experimental techniques, such as quasiparticle
neling, angle-resolved photoemission, microwave abso
tion, IR and Raman spectroscopy, etc., have been used
the aim to clear up the nature of the superconducting
~SCG!. Raman scattering established itself as a powe
method to study this problem. At room temperature all c
prates exhibit a broad and rather flat background that is u
ally attributed to electronic excitations. As the temperatu
decreases belowTc , the frequency distribution of the elec
w

8-5
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V. P. GNEZDILOV et al. PHYSICAL REVIEW B 69, 174508 ~2004!
tronic background changes reflecting the opening of
SCG. This renormalization consists of the formation o
broad peak associated with the pair-breaking process a
energy 2D together with the decrease of the scattering int
sity at energies lower than 2D. Unlike conventional super
conductors with an isotropic gap, where no scattering is
pected for frequenciesv<2D, the low-frequency depletion
in high-temperature superconductors~HTSC’s! is not com-
plete. Moreover, the peak frequency positions and renorm
ization of the scattering intensity belowTc is different for
A1g , B1g , and B2g symmetry components. An appropria
choice of the polarizations of incident and scattered ligh
the RS experiment can reveal the SCG anisotropy and
symmetry of the order parameter.

Most of the RS experiments imply that the SCG
HTSC’s is strongly anisotropic.31,32,37,42–51Such a behavior
was examined by different authors in the framework o
d,52,53 s1 id,54 or anisotropics pairing.55 On the other hand
some experiments performed mainly on single CuO2-layered
compounds56–59 suggest the presence of an isotropics-wave
type gap. Up to now there is no definite consensus how
interpret these conflicting results. Furthermore, it is not cl
whether the SCG anisotropy depends on doping le
Raman-scattering experiments on Tl2Ba2CuO61d and
Bi2Sr2CaCu2O81d showed that overdoped samples exhibi
symmetry independent gap in contrast to the anisotro
SCG in the near optimum doping case.60 A SCG anisotropy
was observed in YBa2Cu3O72d with different doping
levels.61,62 The anisotropy of the SCG and variation of th
maximum in the electronic RS with scattering selection ru
have been discussed in detail in a recent paper of Opeet
al.63 It was pointed out thatd-wave symmetry is widely ac
cepted but complications arise both in the underdoped
overdoped ranges of the phase diagram. It is thus of inte
to check the redistribution of the electronic continuum bel
Tc in the metallic phase of the sample that undergoes ph
separation.

In our experiments on La2CuO4.05 a frequency redistribu-
tion of the electronic continua is observed in all scatter
geometries investigated when the temperature decrease
low Tc524 K. In order to evaluate theA1g scattering com-
ponent, we subtracted thexy spectra from thexx spectra. To
emphasize the redistribution of the scattering intensity in
superconducting state compared to the normal state,
spectra at 5 K were divided by the spectra just aboveTc . As
one can see from Fig. 9, the low-frequency behavior of
electronic Raman scattering in La2CuO4.05 exhibits a strong
anisotropy with respect to the symmetry components. T
pair-breaking peaks are located at 75, 150, and 80 cm21 for
the A1g , B1g , andB2g geometries, respectively. As was d
scribed in detail earlier,45,49,64the symmetry of the order pa
rameter can be inferred from the specific spectral features
each scattering component. To our knowledge there are
results published on electronic Raman scattering in oxy
doped La2CuO41d . Therefore, we want to compare our da
with experiments on Sr-doped La2CuO4.37,50,51

Electronic RS studied37,50 in optimally doped
La22xSrxCuO4 supports the existence of an anisotropic SC
Besides that, it was observed that the intensities in the l
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frequency portions of theB1g andB2g continua increase a
v3 and v, respectively, in quantitative agreement with t
d-wave hypothesis. Electronic RS in La22xSrxCuO4 with
various levels of doping was studied in Ref. 51. There,
anisotropy concerning the symmetry dependent energie
the maximum was confirmed; however, thev3 low-
frequency behavior was absent at all doping levels. This
havior can be attributed to resonance effects in Ram
scattering.65

We do not want to advocate here whether ad-wave or
anisotropic s-wave pairing is appropriate to describ
La2CuO4.05, but it should be noted that we also do not o
serve anv3 law in theB1g scattering component~see Fig. 9
and inset in Fig. 5!. The data shown here are very consiste
with the experimental results of Ref. 51; however, in o
study the situation is complicated due to phase separation
discussed above and shown in Fig. 4, for temperatures be
Tc we detect both the Raman signal characteristic for
insulating as well as the superconducting phases. Moreo
we expect the oxygen concentration of the oxygen-rich
gions to vary significantly, consistent with the strain detec
by neutron diffraction.

IV. CONCLUSION

In summary, we have carried out Raman and ela
neutron-scattering experiments on an excess-oxygen-do
La2CuO4 single crystal. The neutron-diffraction measur
ments indicate that there are both oxygen-rich and oxyg
poor phases present in the sample and that the oxygen ph
separation temperature is well above 300 K. The absenc
detectable staging behavior in oxygen-rich regions allows
to conclude that a significant amount of quenched disor
must be present in the sample. In the Raman-scattering
periments, the La2CuO4.05 sample displays at room temper
ture a response similar to cuprates with substantial dop

FIG. 9. Electronic Raman scattering of La2CuO4.05. Shown are
normalized spectra,I (T55 K)/I (T530 K).
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Below the temperatureTr'250 K, the RS spectra chang
drastically: features characteristic for the insulating state
pear in the spectra. We have proposed that electronic e
gies cause an additional redistribution of interstitial oxyg
at Tr , making the oxygen-poor phase more insulating a
resulting in the appearance of the two-phonon and tw
magnon scattering. The Ne´el temperatureTN'210 K was
estimated from the neutron-scattering measurements. A
crease of the~100! magnetic Bragg-peak intensity forT
,Tc is attributed to subsequent electron-density redistri
tion connected with a superconducting proximity effect. B
low the superconducting transition temperature, two-mag
scattering, strong two-phonon scattering, and a change o
electronic continua~that occurs as a result of the superco
ducting gap opening! are observed in the RS spectra, sim
taneously. Based on the polarization dependence of the e
tronic continua, we conclude that the SCG in La2CuO4.05 is
anisotropic with an anisotropy ratioD(B1g)/D(B2g)'1.9 for
n
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the CuO2 plane. The peculiarities of the electronic RS, i.
the low- frequency power-law dependence of the differ
scattering components at low frequencies and their differ
peak positions, are found to be very close to those obse
earlier for La22xSrxCuO4.51
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