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Microscopic phase separation in La2CuO41x induced by the superconducting transition
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The phase separation~PS! effect in superconducting La2CuO41x (x<0.04) single crystals with low oxygen
mobility was studied viamSR spectroscopy, high-resolution neutron diffraction, and magnetic susceptibility.
Despite the fact that all crystals are inside the miscibility gap (0.01,x,0.06), only crystals with a sufficiently
large excess oxygen concentrationx50.04 show a macroscopic phase separation according to the neutron-
diffraction data. However, in all samples a phase transition to an ordered magnetic state was observed bymSR
spectroscopy concomitantly with the onset of superconductivity. This effect is treated as a microscopic phase
separation which is possibly driven by superconductivity.@S0163-1829~98!02341-8#
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Although the phenomenon of macroscopic phase sep
tion ~PS! in La2CuO41x , was discovered in 1988,1 it has not
yet found a generally accepted explanation and the driv
force of separation is still the subject of discussion. Recen
it was demonstrated that the repeatedly investigated~e.g.,
Ref. 2! phase diagram of La2CuO41x , including the so
called miscibility gap region 0.01,x,0.06, is not universal.
It has been unambiguously shown in the papers of A.
kharov et al.3 and A. Balagurovet al.4 that along with the
‘‘usual’’ La2CuO41x single crystals demonstrating the pha
separation into oxygen-rich and oxygen-poor regions, i
possible to prepare crystals that are inside the miscibility
and which show superconductivity without a macrosco
phase separation. The combined analysis of neutron
mSR data has shown that the phase-separation effect ha
even more complicated behavior, namely, a macroscopic
homogeneous superconducting crystal can be inhom
neous on a microscopic level.5 Finally, we tentatively sug-
gested in Ref. 6 that the appearance of a microscopic p
separation in La2CuO41x happens close to the supercondu
ing transition temperature and, hence, can be connected
the formation of the superconducting and antiferromagn
~AFM! states.
PRB 580163-1829/98/58~18!/12350~5!/$15.00
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In this paper, we present additional experimental data
La2CuO41x single crystals, obtained bymSR and neutron
diffraction, which allow us to clarify the problem. The mo
intriguing result is that we observed a coexistence of sup
conductivity and an ordered magnetic state without a mac
scopic phase separation with essentially close transition t
peratures. This is strong evidence in favor of the existenc
the so called electronic phase separation in these cry
which is theoretically discussed in Refs. 7,8.

Two kinds of La2CuO41x superconducting crystals wer
studied: macroscopically homogeneous and phase-sepa
ones. The crystals were prepared by the molten solu
method under thermodynamic equilibrium conditions. D
tails of crystal growth, oxygenating procedure, and hig
resolution neutron-diffraction analysis are presen
elsewhere.3,4 A specific feature of this series of crystals is th
low oxygen mobility which for the crystals in thex<0.03
region of miscibility gap results in the absence of a mac
scopic phase separation by oxygen diffusion.

Below, we present data for two representative crysta
with x50.02 for the nonphase-separated series of sam
~crystal A! with a superconducting transition temperatu
12 350 ©1998 The American Physical Society
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Tc515 K, and with x50.04 for the phase-separate
samples~crystal B! with Tc525 K. The B crystal has bee
studied before by high-resolution neutron diffraction.4 The
data on other crystals from these series differ only in mi
details and support the main conclusions of the present w

The mSR measurements were made using the Gen
Purpose Spectrometer on thepM3 surface muon beam line
at PSI ~Villigen, Switzerland!. The neutron-diffraction ex-
periments were performed at the IBR-2 pulsed reactor
JINR ~Dubna, Russia! with the high-resolution Fourie
diffractometer9 and the DN-2 instrument equipped with
two-dimensional position-sensitive detector. The magnet
tion measurements were performed using a custom-mad
perconducting quantum interference device magnetomet10

The magnetic susceptibility measured in external m
netic field of 0.1–30 Oe is presented in Fig. 1. The sup
conducting diamagnetic response in sample A with an on
transition temperature ofTc515 K is low and is suppresse
by a small external field. However, superconducting stat
not destroyed: the susceptibility remains negative and la
in comparison with the paramagnetic contribution. The
perconducting fraction is much larger in sample B and l
sensitive to the applied magnetic field. We found that
diamagnetic response in sample A strongly depends on
cooling rate at the temperatures 100–300 K, where the o
gen diffusion can go@Fig. 1~c!#. Quenching~1 min from 300
down to 100 K! the sample to nitrogen temperatures su
presses the diamagnetism completely. This observatio
evidence for the important role of oxygen diffusion and giv

FIG. 1. The temperature dependence of the magnetic susc
bility for the La2CuO4.02 ~a! and La2CuO4.04 ~b! crystals in different
magnetic fields, and~c! at different cooling rates from room tem
perature to 100 K for the La2CuO4.02 crystal. The magnetic field is
parallel to thec axis of the crystal.
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an indirect confirmation that the system consists of sm
superconducting domains separated from each other by w
links which can be easily destroyed by a small magne
field. The effect of quenching is considerably less p
nounced in sample B. Similar effects for single crystals
La2CuO41x were observed earlier.2,11

High-resolution neutron diffraction~with Dd/d.0.9
31023) revealed no trace of phase separation in sample
neither splitting nor broadening of the neutron-diffractio
peaks was observed, proving that, on a macroscopic sc
the homogeneous distribution of the excess oxygen in
crystal is preserved down to the lowest measured temp
ture ~9 K!. In sample B, the phase separation into oxyge
rich and oxygen-poor phases was observed clearly
cooling.4 The relative difference in the elementary lattice p
rameters of these two phases amounts to about 231023,
which corresponds well with the results obtained f
‘‘usual’’ La2CuO41x .1 In crystal B, we observed the specifi
effect of diffraction peak broadening, the analysis of whi
allowed us to conclude that the average dimensions of
coherent regions of the coexisting phases are nearly the s
and amount to 100 nm along thec axis and 150 nm within
the plane. The phase separation process starts atT5250 K
and is complete atT5200 K. It is worth mentioning that the
two-step shape of the superconducting transition@Fig. 1~b!#
is possibly connected with a network of coupled superc
ducting domains of macroscopic size, as mentioned abo

A magnetic state in crystal A was evidenced by the pr
ence of a muon spin precession signal detected in zero
ternal magnetic field (ZF-mSR) below 15 K. A correlated
precession of the muon spins is possible only if the surrou
ing Cu moments are ordered coherently on the scale at l
of a few lattice constants. The time dependence of the m
spin polarizationP(t), projected onto the axis of positro
observation, can be described by the function

P~ t !5a1exp~2lt !cos~2p f mt1f!1a0 exp~2l0t !, ~1!

where the precession frequencyf m5gmBm is given by the
local magnetic fieldBm , acting on the muon which is pro
portional to the staggered magnetization of the copper m
netic moments; the precession amplitudea1 is determined by
the magnetically ordered volume fraction of the crystal a
the direction ofBm . The second component is the sum of t
nonoscillating part of the muon polarization inside the ma
netically ordered regions of the crystal and a contribut
from the remaining paramagnetic volume. Typical ZF-mSR
signals observed in sample A are shown in Fig. 2, where
difference between paramagnetic (T530 and 20 K! and the
magnetically ordered (T54 K) states of the crystals can b
clearly seen.

The amplitudea1 assumed a constant value below 15
demonstrating that the magnetic transition is fully develop
The spontaneous muon-spin precession frequencyf m is
shown in Fig. 3~a! as a function of temperature. Its temper
ture dependence and low-temperature valuef m55 MHz are
typical for the antiferromagnetic~AFM! state of stoichio-
metric La2CuO41x ,12 suggesting that sample A displays th
same AFM structure. Figure 3~b! shows the temperature de
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pendence of the precession dampingl. It diverges as the
temperature approaches 15 K. This means that the s
AFM-correlated state is destroyed aboveTN515 K. No pre-
cession signal was observed above 15 K; however, the
larization function possesses a fast decaying compo
which steadily decreases with increasing temperature u

FIG. 2. Time dependence of the muon-spin polarizationP(t) in
zero external field above and below the magnetic transitionTN

515 K) for La2CuO4.02. The data forT520 and 30 K are shifted
up along they axis.

FIG. 3. The spontaneous muon-spin precession frequencyf ~a!
and the precession dampingl ~b! as a function of temperature i
the La2CuO4.02 crystal.
tic

o-
nt
to

30 K ~see Fig. 2!. The origin of this fast depolarization i
thought to reflect the slowing down of the Cu-spin fluctu
tions near the phase transition. Thus, the ZF-mSR data un-
ambiguously prove the presence of static antiferromagn
order in part of the crystal volume. The volume fraction o
cupied by the AFM phase amounts to>50%. This was de-
termined from data measured in a transverse external fiel
4 kOe in the temperature range of 3–280 K.

Unlike the sample A, sample B displays two characteris
temperatures associated with magnetic ordering. BelowTN1
.230 K, the AFM phase appears only in 10% of the crys
volume and under cooling toTN1.25 K, a sharp increase in
the AFM fraction occurs, which reaches 40% at low te
peratures~Fig. 4, left axis!. The spontaneous muon-spin pr
cession frequency detected belowTN1 has, again, values o
about 5 MHz forT→0 K, typical for AFM La2CuO41x .
The precession frequency smoothly increases with decr
ing temperature, without any peculiarity atTN2 .

To check whether the observed transitions in sample
and B lead to a true long-range AFM order, we measured
neutron-diffraction spectra along the@100# direction ~Bmab
space group! with the DN-2 instrument~Fig. 5!. According
to the mSR data, we expected to find the~100! magnetic
peak below the magnetic transition belowTN515 K in
sample A and belowTN15230 K in sample B. Indeed, in
sample B, this peak was well visible, whereas in sample
neutron diffraction revealed no traces of this reflection~inset
in Fig. 5!. The temperature dependence of the~100! peak
area in sample B is shown in Fig. 4~right axis!. Since the
copper magnetic moment does not change atTN2 , according
to the temperature dependence of the muon-spin preces
frequency, one would expect to find an increase in the~100!
peak area belowTN2 similar to the increase in the AFM
fraction detected bymSR. However, neutrons do not see a
peculiarity below TN2525 K, whereas the muons see

FIG. 4. The AFM volume fraction of the La2CuO4.02 crystal
seen bymSR ~the diamonds, left axis!. The area of the~100! AFM
peak as a function of temperature measured by neutron diffrac
~circles, right axis! is also shown.
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fourfold increase in the AFM fraction. Hence, it seems th
the magnetic Bragg peak is associated with those 10% o
sample volume which gives also rise to the spontaneousmSR
signal belowTN1 . As in sample A, we observe that the tra
sition temperatureTN2 , seen only bymSR, coincides with
the superconducting transition temperature.

The main experimental results may be summarized as
lows. In crystal A (x50.02) the evolution of a correlate
muon-spin precession starts atTN515 K, which coincides
with the superconducting transition atTc . Moreover, the
crystal fraction occupied by the AFM phase is close to 50
However, the magnetic state at low temperature does
possess true long-range order since the neutron-diffrac
study failed to observe the relevant magnetic peak. In cry
B (x50.04), the ordered magnetic state appears atTN1
.230 K, which can be seen from both themSR and neutron
data. Down to the superconducting transition temperat
which coincides withTN2525 K, the volume fraction of the
AFM phase is only;10%, which increases drastically up
;40% upon further cooling. At the same time the fraction
the sample volume, occupied by the AFM phase with
correlation length sufficiently long to allow for the appea
ance of a magnetic Bragg peak, remains at the leve
;10% in the whole temperature range.

We will start our discussion of the experimental resu
with a brief sketch of the ‘‘temperature-concentration
phase diagram of La2CuO41x . An earlier experimental study
showed the presence of a miscibility gap in a rather w
concentration region. However, when a solid solution
composes into two phases, two routes for the decay are
sible: the nucleation and growth mechanism and/or the s
odal mechanism. Because there is an activation barrier in
former case, the process may be completely quenche
crystals with low mobility of the dopants. The spinodal d
cay does not need an activation process and, hence, ine
bly leads to the development of spatial fluctuations in
composition through the sample. Our belief is that the diff
ent behavior of the crystals A and B arises from the differ
effective decomposition mechanisms: thex50.02 crystal

FIG. 5. The diffraction pattern from the@100# plane for
La2CuO4.02 measured atT510 K. The inset shows fragments o
the diffraction patterns for both La2CuO4.02 and La2CuO4.04 near the
~100! AFM peak. The position and intensity of the~200! and~400!
peaks are close for both crystals.
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does not have a high enough oxygen excess concentratio
be in the spinodal region and has to split via the nucleat
mechanism — which is not effective at low oxygen mobilit
The oxygen excess concentration in thex50.04 crystal, on
the other hand, places the sample in the spinodal region
the decay develops independently of the oxygen mobil
We have carried out a comparative study of the ‘‘usua
La2CuO41x single crystal which has larger excess oxyg
mobility. It is macroscopically separated into oxygen-ri
and oxygen-poor phases which has large spatial dimens
(.2000 Å), and these phases possess ordinary antife
magnetic and superconducting properties.13

We now discuss the two main experimental results of
present work:~i! the appearance~or sharp increase in the
volume fraction! of the low-temperature AFM phase whe
the system enters the superconducting state and~ii ! the in-
visibility of this AFM phase to neutron diffraction. We men
tion that a very similar phenomenon has been observed
crystal with another oxygen concentration (x50.03),5 where
a magnetic transition to a short-range spin-glass-like s
was observed to set in the vicinity of the superconduct
transition.

One natural explanation for the observed behavior is th
after cooling, the crystals consist of domains of oxygen-r
and oxygen-poor phases of very small size~in the x50.04
crystal, there are also metallic regions of larger size due
the macroscopic PS which produce a robust supercondu
ity at low temperatures!. ThenTN2 in crystal B corresponds
to the Néel temperature of crystal A. The absence of AF
neutron reflections below these temperatures implies tha
sizes of the coherent regions of this AFM phase are v
small ~of the order of several dozens Å! and, therefore, can
not be seen as Bragg reflections due to severe broadeni

The coincidence between the temperatures of the m
netic and superconducting transitions in quite different cr
tals, however, remains surprising. From the fact that
magnetic ordering temperaturesTN515 K for x50.02~Fig.
2!, TN2525 K for x50.04 ~Fig. 5!, and Tf58 K for x
50.03,5 are always close to the onset of the superconduc
regime in all crystals, independent of their actual microstr
ture and characteristic temperatures, we may conclude
the magnetic ordering or the underlying microscopic PS
in fact, induced by the superconducting transition. Suc
behavior is predicted by a theoretical study7 in which it is
found that a homogeneous metallic system becomes uns
in the presence of different competing electronic mec
nisms, characterized by long-range or short-range corr
tions. There it was also shown that the stability regime
affected by the presence of superconducting pairing. A
result, the superconducting transition may cause a sam
homogeneously metallic in its normal phase, to split in
weakly coupled metallic islands separated from each o
by insulating interlayers which would possesses the magn
order.

The dependence of the diamagnetic response on the c
ing rate even in macroscopically homogeneous crys
means that the redistribution of the extra oxygen atoms
exists, but on a microscopic scale. Since the oxygen mic
inhomogeneity can compensate the loss in Coulomb ene
the system becomes unstable towards an electronic p
separation. The phenomenon we found is, perhaps, no
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rectly connected with the high-temperature superconduc
ity and can be a consequence of energy considerations,
both superconductivity and AFM lower the system energy
condition that Coulomb energy is compensated.

In summarymSR and neutron-diffraction studies sho
that a microscopic phase separation~as opposed to macro
scopic phase separation! in La2CuO41x single crystals with
low oxygen mobility appears in parallel with supercondu
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tivity and is very likely driven by the formation of supercon
ducting and AFM states.
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